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Abstract
Rapidly increasing energy demand from the industrial and commercial sector, especially
in the current climate of high oil prices, steadily reducing energy sources and at the same
time increased concerns about environmental changes, have caused fast development of
Distributed Power Generation Systems (DPGS) based on renewable energy. A recent
concept is to group DPGS and the associated loads to a common local area forming
a small power system called a microgrid. This small autonomous system formed by
DPGS can oﬀer increased reliability and eﬃciency of future power system networks.
Furthermore, the improvement of the control capabilities and operational features of
microgrids brings environmental and economic beneﬁts. The introduction of microgrids
improves power quality, reduces transmission line congestion, decreases emission and
energy losses, and eﬀectively facilitates the utilisation of renewable energy resources.
As a consequence of the fast expanding DPGS based on renewable energy sources,
Transmission System Operators (TSO) have issued strict interconnection requirements
(grid code compliance), e.g., on power quality control, reactive power control, fault ride-
through etc. Among these diﬀerent requirements issued by the grid operators, power
quality have recently gained a lot of attention due to excessive non-linear and unbalanced
loads over-stressing the power systems and causing system failure. As nonlinear and/or
unbalanced loads can represent a high proportion of the total load in small-scale systems,
the problem with power quality is a particular concern in microgrids.
In this work, diﬀerent control strategies are proposed and implemented for the grid
and microgrid connected voltage-source inverters (VSI), based on H∞ and repetitive
control techniques. The repetitive control, which is regarded as a simple learning con-
trol method, oﬀers very good performance for voltage and current tracking as it can
deal with a very large number of harmonics simultaneously. This leads to a very low
Total Harmonic Distortion (THD) of the output voltage and/or the current even in the
presence of nonlinear loads and/or grid distortions.
Initially, a voltage controller proposed in the literature for microgrid applications is
further developed and experimentally tested. The aim is to improve power quality and
tracking performance, while considerably reducing the complexity of the controller de-
sign. The model of the plant is reduced for single-input-single-output (SISO) repetitive
control design. As a consequence, the design becomes much simpler and the stability
evaluation easier. Moreover, a frequency adaptive mechanism is proposed so that the
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controller can cope with grid frequency variations in the grid-connected mode. This
mechanism allows the controller to maintain very good tracking performance over a
wide range of grid frequencies.
Then, a H∞ repetitive control strategy for the inverter current is proposed and
validated with experiments. As a result, the power quality and tracking performance
are considerably improved. In order to demonstrate the improvements, the proposed
controller is compared with the traditional proportional-resonant (PR), proportional-
integral (PI) and predictive deadbeat (DB) controllers.
Finally, the advantages of the proposed voltage and current controllers based on
H∞ and repetitive control techniques are put together for consideration in microgrid
applications and experimentally tested. The proposed cascaded current-voltage control
strategy is not a simple combination of the two control strategies, but a complete re-
design after realising that the inverter LCL ﬁlter can be split into two separate parts
for the design of the controllers. As a consequence, the cascaded controller is able to
maintain low THD in both the microgrid voltage and the current ﬂowing into/from the
grid at the same time. It also enables seamless transfer of the operation mode from
standalone to grid-connected or vice versa. It turns out that the voltage controller can
be reduced to a proportional gain cascaded with the internal model (in a re-arranged
form), which can be easily implemented in real applications.
Experiments under diﬀerent scenarios (e.g. in the standalone mode or in the grid-
connected mode, with linear, nonlinear or unbalanced loads etc.) are presented to
demonstrate the excellent performance of the controllers.
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Chapter 1
Introduction
1.1 Motivation
The DPGS are usually active at the distribution level and provide an alternative to the
traditional large centralised facilities, such as coal, nuclear or gas powered power plants,
where currently most of the electricity is generated. DPGS are usually small-scale, typ-
ically in the range of 3 kW to 10MW. Rapidly increasing energy consumption on one
side and steadily reducing energy sources and climate change on the other side, lead
to the need for DPGS based on renewable energy sources, mainly from wind and solar
energy. The electricity generated from these sources is not in the form needed by the
public grid and often needs to be processed so that it can be connected to the grid. Fol-
lowing technological developments, especially higher power ratings, lower losses, more
reliable performance and lower price, modern power electronics are becoming more and
more attractive and are used as an interface between DPGS and the utility grid, as they
match the characteristics of the DPGS and the requirements of grid connections. For
example wind turbines using power converters can operate with a variable speed and
are designed to achieve maximum aerodynamic eﬃciency over the wide range of wind
speed. Since the wind turbine operates at a variable rotational speed, the electrical
frequency of the generator varies and must therefore be decoupled from the frequency
of the grid. The electrical system of the variable-speed turbine is more complex, how-
ever using power electronics increases its energy capture, improves power quality and
reduces the mechanical stress on the wind turbine. In general, power electronics im-
prove the performance of the DPGS and provide the DPGS with power system control
capabilities, improve power quality and their eﬀect on power system stability.
The fast expansion of DPGS based on renewable energy highlights their main disad-
vantages. In the ﬁrst instance, there are their natural properties such as uncertainty in
the availability or nature of the input power (wind speed ﬂuctuation etc.). In addition
their high penetration and steadily increasing individual power ratings (wind turbines
ratings increased rapidly, from around 200kW in the early 1990s to 3-4MW turbines
in early 2004) play an important role, which must be taken into account during their
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integration into the power system. For example, the increasing size of the wind farms
resulted in an interconnection request at the transmission level. As a consequence, grid
operators requirements are becoming stricter and there is strong emphasis on the ability
of the DPGS to have power plant characteristics. This means that DPGS have to be
able to behave as an active controllable component in the power system and meet very
high technical standards, such as voltage and frequency control, active and reactive
power control, quick responses during faults in the utility grid, harmonics minimisa-
tion etc. DPGS based on the renewable energy sources are changing from being minor
energy sources to acting as important power sources with power plant characteristics
in the energy systems. The control strategies applied to DPGS have become of high
interest and need to be further investigated and developed [1, 2, 3].
A more recent concept is to group a cluster of loads and parallel DPGS in a com-
mon local area to form a microgrid. Being a larger entity, a microgrid possesses
a larger power capacity and more control ﬂexibilities to fulﬁl system-reliability and
power-quality requirements, in addition to all inherited advantages of a single DPGS.
Moreover, improving the control capabilities and operational features of microgrids
brings environmental and economic beneﬁts. The introduction of microgrids leads to
improved power quality, reduces transmission lines congestion, decreases emission and
energy losses, and eﬀectively facilitates the utilisation of renewable energy resources
[4, 5, 6, 7, 8, 9, 10, 11, 12, 13].
In this work, diﬀerent control strategies based on the H∞ and repetitive control
techniques are proposed for grid and microgrid connected VSI. The main objective of
the proposed controllers is to inject a clean sinusoidal voltage and current to the power
system, even in the presence of non-linear loads or grid voltage distortions. The repeti-
tive control technique, based on the well-known internal model principle, is adopted as
it can deal with a very large number of harmonics simultaneously and oﬀers excellent
performance for voltage and current tracking and harmonics reduction.
1.2 Outline of the thesis
The thesis is organised as follows. In Chapter 2, the development and importance of
microgrids are discussed and the general structure of DPGS based on renewable energy
sources is described. The main control tasks of the grid-side converter are summarised
and primary grid operators requirements are shortly introduced. In addition, the diﬀer-
ent control schemes and classical control methods implemented to the grid-side converter
are presented. Finally, the former work on H∞ repetitive voltage controller design is
brieﬂy described.
In order to carry out real-time experiments, an experimental setup has been designed
and built. The short descriptions of all major components of the experimental setup
are presented in Chapter 3.
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In Chapter 4, a voltage controller based on H∞ and repetitive control techniques
proposed in literature is further developed and experimentally tested. Attention is
paid to improving power quality and tracking performance, and considerably reducing
the complexity of the controller design. Moreover, a frequency adaptive mechanism
is proposed so that the controller can cope with grid frequency variations in the grid-
connected mode.
In Chapter 5, the voltage control strategy proposed in Chapter 4 is replaced with
a current control strategy and the H∞ repetitive current controller is developed and
experimentally tested. As a result, the power quality and tracking performance are
considerably improved.
In order to demonstrate the improvements, the proposed H∞ repetitive current
controller is compared, in Chapter 6, with the traditional PR, PI and DB controllers
with the main focus on harmonics distortion and tracking performance.
The advantages of voltage and current controllers based on the H∞ and repetitive
control techniques are brought forward for consideration in microgrid applications and
experimentally tested in Chapter 7. We show that, the proposed control strategy is able
to maintain low THD in both the microgrid voltage and the current ﬂowing into/from
the grid at the same time.
Finally, the main conclusions of the thesis are summarised and possible future work
is proposed in Chapter 8.
1.3 Major contributions
1.3.1 H∞ repetitive voltage controller
The voltage controller based on H∞ and repetitive control techniques proposed in [14]
is further developed and experimentally tested. We have strived to improve power
quality and tracking performance, while considerably reducing the complexity of the
controller design. We propose a frequency adaptive mechanism, so that the controller
can cope with grid frequency variations, while operating in the grid-connected mode.
This mechanism allows the controller to maintain very good tracking performance over
a wide range of grid frequencies. Another major improvement in this work with respect
to [14] is that, following extensive simulations and real-time experiments, the model
of the plant has been reduced to single-input-single-output (SISO) repetitive control
design. As a consequence, the design becomes much simpler than the one proposed in
[14] and the stability evaluation is easier.
1.3.2 H∞ repetitive current controller
The current controller is proposed for grid-connected inverters based on H∞ and repeti-
tive control techniques. TheH∞ repetitive voltage control strategy proposed in Chapter
4 is replaced with a current repetitive controller and then experimentally validated. As
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a result, the power quality and tracking performance are considerably improved. In
addition, the proposed controller is compared with the traditional PR, PI and DB con-
trollers with the main focus on harmonics distortion and tracking performance.
1.3.3 H∞ repetitive cascaded current-voltage controller
The advantages of voltage and current controllers, proposed in this work, are put to-
gether for consideration in microgrid applications and experimentally tested. The strat-
egy adopts a voltage repetitive controller cascaded with a current repetitive controller
and is not a simple combination of the two control strategies, but a complete re-design
after realising that the inverter LCL ﬁlter can be split into two separate parts for the
design of the controllers. A strategy simultaneously reduces the THD in both the mi-
crogrid voltage and the current ﬂowing to/from the grid at the same time. What is
novel and inventive is that low THD in both the current and voltage can be achieved
simultaneously. The known strategies can achieve only one or the other. It is also worth
mentioning that the current controller is in the outer loop and the voltage controller
is in the inner loop. Normally, when a current controller and a voltage controller are
cascaded, the current controller is in the inner loop and the voltage controller is in the
outer loop. Moreover, the strategy allows a smooth seamless transition of operation
mode between the standalone mode and the grid-connected mode. The strategy can be
used for single-phase systems or three-phase systems.
1.4 List of publications
Research monograph
1. Q.-C. Zhong and T. Hornik. Control of Power Inverters for Distributed Generation
and Renewable Energy, Wiley-IEEE Press, to appear in 2011.
Journal papers
1. T. Hornik and Q.-C. Zhong. H∞ repetitive voltage control of grid-connected
inverters with frequency adaptive mechanism. IET Power Electronics, accepted
for publication, July 2010.
2. T. Hornik and Q. -C. Zhong. A current control strategy for grid-connected
voltage-source inverters based on H∞ and repetitive control, under review.
3. Q. -C. Zhong and T. Hornik. Cascaded H∞ repetitive current-voltage control of
grid-connected inverters, under review.
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Conference papers
1. T. Hornik and Q.-C. Zhong. Control of grid-connected DC-AC converters in
distributed generation: Experimental comparison of diﬀerent schemes. In
proceedings of the 6th International Conference-Workshop Compatibility and
Power Electronics (CPE 2009), pages 271 278, May 2009.
2. T. Hornik and Q.-C. Zhong. H∞ repetitive current controller for grid-connected
inverters. In proceedings of the 35th Annual Conference of IEEE Industrial
Electronics (IECON 2009), pages 554 559, November 2009.
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Best student paper and Best application paper.
4. T. Hornik and Q. -C. Zhong. H∞ repetitive voltage-current controller for
microgrid applications. In proceedings of the 36th Annual Conference of IEEE
Industrial Electronics (IECON 2010), to appear.
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Chapter 2
Background
In this chapter, the development and importance of the microgrids are discussed. The
general structure of the DPGS based on renewable energy sources are described. The
main control tasks of the grid-side converter are summarised and primary grid operators
requirements are shortly introduced. In addition, the diﬀerent control schemes and
classical control methods implemented to the grid-side converter are presented. The
developments of the H∞ and repetitive control techniques are also introduced. Finally,
the former work of the voltage controller design is brieﬂy presented.
2.1 Microgrids
Microgrids are emerging as a consequence of rapidly growing distributed power gen-
eration systems. Compared to a single DPGS, the microgrid has more capacity and
control ﬂexibilities to fulﬁl system reliability and power quality requirements. In a
typical microgrid, the micro-sources may be rotating generators or Distributed Energy
Resources (DER) interfaced by power electronic inverters. The installed DERs may
be biomass, fuel cells, geothermal, solar, wind, steam or gas turbines. The microgrid
also oﬀers opportunities for optimising DPGS through the combined heat and power
(CHP) generation, which is currently the most important means of improving energy
eﬃciency. The connected loads may be critical or non-critical. Critical loads require a
reliable source of energy and good power quality [11, 15]. An example of the microgrid
structure with power electronics interfaced DPGS is shown in Figure 2.1. The microgrid
is connected to the utility system through a circuit breaker, also called Static Transfer
Switch (STS) at the Point of Common Coupling (PCC). The circuit breaker ensures
that the microgrid can be disconnected from the main grid promptly in the event of
a utility interruption. As shown in Figure 2.1, two DPGS are employed in the micro-
grid. Each DPGS system comprises an energy source, an energy storage system, and a
grid-interfacing inverter.
Microgrids are normally operated in the grid-connected mode, however it is also
expected to provide suﬃcient generation capacity, controls, and operational strategies
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Figure 2.1: Example of the microgrid structure with power electronics interfaced DPGS
to supply at least a part of the load after being disconnected from the distribution system
and to remain operational as a standalone (islanded) system [5, 8, 10]. Traditionally,
the inverters used in microgrids behave as current sources when they are connected
to the grid and as voltage sources when they work autonomously [16]. This involves
the change of the controller when the operational mode changes from standalone to
grid-connected or vice versa.
As nonlinear and/or unbalanced loads can represent a high proportion of the total
load in small-scale systems, the problem with power quality is a particular concern
in microgrids [17]. Moreover, unbalanced utility grid voltages and utility voltage sags,
which are two most common utility voltage quality problems can aﬀect microgrid power
quality [18, 19]. The microgrid control and operational features should be able to cope
with an unbalanced utility grid voltages and voltage sags within the range given by the
nature and waveform quality requirements of the local loads and/or microgrids. When
critical loads are connected to a microgrid, severe unbalanced voltages are not generally
acceptable and the microgrid should be disconnected from the utility grid. However,
when the voltage unbalance is not so serious or the local load is not very sensitive to it,
the microgrid can remain connected.
2.2 Requirements of Transmission System Operators
Previously, control and stabilisation in the electricity system were taken care of only by
large power station units. However due to the large penetration of DPGS, based mainly
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on renewable systems, the system operators have issued more strict interconnection
requirements, e.g., on power quality control, reactive power control, fault ride-through
etc. [1, 2, 20]. The interconnection requirements diﬀer signiﬁcantly between countries.
This depends on the properties of each power system as well as the level of the DPGS
penetration (mainly wind power systems). In other words, countries with a very low
DPGS penetration do not necessarily need to accept strict requirements as countries
that have substantial proportion of the DPGS connected to the power system. In
general the requirements are intended to ensure that the DPGS have the control and
dynamic properties needed for operation of the power system with respect to both short-
term and long-term security of supply, voltage quality and power system stability. For
example in Denmark, the country with the largest penetration of wind power in the
power system, the wind farm has to be able to contribute to the control task on the
same level as conventional power plants, constrained only by the limitation of existing
wind conditions [1].
Odd harmonics Maximum harmonics current distortion
< 11th < 4%
11th − 15th < 2%
17th − 21st < 1.5%
23rd − 33rd < 0.6%
> 33rd < 0.3%
Table 2.1: Maximum current harmonic distortion
A common requirement in all standards is the power quality of the distributed
power. The power quality assessment, is mainly based on harmonics. Harmonics are
a phenomenon associated with the distortion of the voltage and current waveforms
(periodic voltage or current disturbances with frequencies multiple of the fundamental
frequency). Harmonics, induced by non-linear loads, increase the total Root-Mean-
Square (RMS) value of line currents, and thus may cause additional power losses on grid
lines and abnormal heating of transformers, induction motors, power-factor correction
capacitors etc.. Depending on the harmonic order, these may cause excessive stress and
damage of various kinds to the diﬀerent types of electrical equipment. Furthermore,
an important property of harmonics is that they tend to be cumulative on a power
system, i.e. the contributions of the various harmonics sources add up to some degree.
Consequently, harmonics currents have a negative impact on power systems [21, 22].
THD is used in electrical engineering to evaluate the disturbance extent and can be
calculated as
THD =
√
∞∑
I2n
n=2
I1
(2.1)
where, I1 is the fundamental current magnitude in RMS and In is n
th harmonic
current magnitude in RMS. Table 2.1 shows maximum distortion limits for each of the
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current harmonics [23, 24]. For both wind turbine and photovoltaic connected to the
utility grid, the maximum limit for the total harmonic distortion of the output voltage
is THD = 5% (120V-69kV).
2.3 Introduction to DPGS structure and control
A general structure of a distributed power generation system depends on the input power
nature (wind, sun, etc.). Diﬀerent hardware conﬁgurations are possible [21]. Figure 2.2
shows general structure of the DPGS using back-to-back full-scale power electronic
converters. This bidirectional power converter, consists of two conventional pulse-width
modulated (PWM) converters, and is nowadays becoming more and more attractive
in DPGS integration [1]. The input-side converter, controlled by input-side controller,
normally ensures that the maximum power is extracted from the input power source
and transmits the information about any available power to the grid-side controller.
The main objective of the grid-side converter is the interaction with the utility grid.
The grid-side controller usually has the following tasks: power quality control, active
and reactive power control and grid synchronisation [25]. In following subsections, the
tasks of the grid-side controller are discussed in more details.
Input-side 
Converter 
Grid-side 
Converter 
Output 
Filter 
Transformer 
Input-side controller Grid-side controller 
Power quality  
Power flow 
Grid synchronization 
DC-link voltage  
 
Maximum power 
extraction 
Input–side protection 
 
 
Figure 2.2: General structure of the DPGS with full-scale power converters
2.3.1 Power quality control
The focus on power quality has been increased with the increased use of power electronic
equipment (non-linear loads). Power electronic equipment is a source of the current
harmonics and EMI (Electromagnetic Interference) [26] and is characterised by AC
currents, which may contain many low order harmonics with signiﬁcant amplitude.
These harmonics can cause harmonics distortion of the grid voltage and may result in
extra losses or in disturbances with other customers. Hence, it is necessary to block or
reduce harmonics and to prevent power quality degradation.
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To compensate low-order harmonics and meet grid operators requirements, diﬀer-
ent control and harmonics compensation strategy approaches are employed. Usually
the current controller is responsible for power quality issues and should have a very
good harmonic rejection. Diﬀerent types of controllers (for example PI controllers, PR
controllers or non-linear controllers such as hysteresis or dead-beat) implemented in
diﬀerent reference frames provide the system with a diﬀerent quality of the harmonics
rejection [27, 28].
The switching frequency of PWM switching converter is usually a few kilohertz and
high-order frequency harmonics are small in magnitude and can be removed by a ﬁl-
ter. The ﬁlter is connected in parallel as an interface between inverter and utility grid
[29, 30, 31, 32, 33, 34]. Short ﬁlter topologies description follows.
L Filter
This topology consists of an inductive ﬁlter connected in series with the inverter.
Although being the topology with the fewer number of components, the system dy-
namics is poor due to the voltage drop across the inductor causing long time responses.
Moreover, in order to attenuate the inverter harmonics, the inverter switching frequency
must be high [34, 35].
LC Filter
This topology consists of a capacitor and an inductor. With higher values of capaci-
tance, the inductance can be reduced, leading to reduction of losses and cost. However,
very high capacitance values are not recommended, since problems may arise with in-
rush currents, high capacitance current at the fundamental frequency and dependence
of the ﬁlter on grid impedance for overall harmonic attenuation. Moreover, using line-
side capacitors for harmonics reduction, form together with ﬁlter inductance and/or
line inductance an LC resonant circuit. A lightly damped LC resonance may cause
serious oscillation or over-voltages that may destroy the switching devices and other
components [22, 35, 36].
LCL Filter
The LCL ﬁlter has a better attenuation than an LC ﬁlter (lower ripple current
stress) and small a dependence on the grid parameters, with smaller component values,
which is a signiﬁcant advantage in high-power applications. Moreover, LCL ﬁlters pro-
vide inductive output at the grid interconnection point to prevent inrush current [33, 35].
Following stability problems by undesired resonance eﬀects, due to the zero impedance
of the ﬁlter for some higher order current harmonics, design of the LC/LCL ﬁlters re-
quire a more complex approach [37]. To avoid this stability problem, the LC/LCL ﬁlters
conﬁguration can be stabilised using an additional damping resistor (passive damping).
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The simplicity and high reliability of this solution is therefore the reason that it is widely
used in industry. However, the additional resistor losses are a substantial disadvantage.
Therefore, nowadays, there is a tendency to replace passive damping by active damping
[38, 39, 40, 41, 42].
2.3.2 Power ﬂow control
One task of the grid-side controller is the power ﬂow control. The power ﬂow control
means to regulate the active and reactive power exchange between DPGS and the utility
grid.
The active power control is associated with frequency control. The frequency of
a power system is proportional to the rotating speed of the synchronous generators
operating in the system. Increasing the electrical load in the system tends to slow down
the generators and reduce the frequency. The task of frequency control of the system is
to increase or reduce the generated power so as to keep the generators operating within
the speciﬁed frequency range. However, renewable resources can only produce when
the source is available. In order to be able to increase the power output for frequency
control, DPGS may have to operate at a lower power level than the available power,
which means low utilisation of the energy resources. The situation may be improved by
use of an energy storage technology, such as batteries or fuel cells [21].
While the active power is associated with frequency control, the reactive power is
linked to voltage control. Conventional reactive power concepts are associated with the
oscillation of energy stored in capacitive and inductive components in a power system.
Reactive power is produced in capacitive components and consumed in inductive com-
ponents. The current associated with the reactive power ﬂow causes system voltage
drop and also power losses. Furthermore, large reactive currents ﬂowing in a power sys-
tem may cause voltage instability in the network due to the associated voltage drops in
the transmission lines [21]. Following operators requirements, DPGS have to contribute
to voltage regulation in the power systems. The requirements either refer to a certain
voltage range that has to be maintained at the point of connection of the DPGS, or to
a certain reactive power compensation that has to be provided [1].
As the real and reactive power control is important, the DPGS equipped with power
electronics converters take advantage that the control of the reactive power can be
decoupled from active power control. For this purpose, the synchronously rotating
reference (dq) frame is commonly used, as the scheme has the particular advantage of
independent control of the real and reactive current components.
2.3.3 Grid synchronisation
The most important issue of the grid-side converter connected to the utility network
is the synchronisation with the grid voltage. In addition, according to the increasing
number of installed DPGS, there is more stress on capability of DPGS to be able to
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run over short grid disturbances (fault ride-through). This means maintaining running
system, when short voltage or frequency variation occurs in the grid network. The
phase angle used in DPGS generating the grid current reference, should be clean signal,
synchronised with the grid voltage. Hence, it is important for DPGS to have a fast
and accurate detection of the positive-sequence component of the utility voltage [43],
in order to keep the generation up according to grid connection requirements. A short
overview of diﬀerent synchronisation methods follows.
Zero crossing method
One of the simplest methods for obtaining the phase information is to detect the zero
crossing of the utility voltages. However, the zero crossing points can only be detected
at every half cycle of the utility voltage frequency. Thus the dynamic performance of
this technique is quite low [27, 28].
αβ and dq ﬁlter algorithms
The phase angle of the utility grid voltage can also simply be obtained by ﬁltering
the input signals. Depending on the reference frame, where the ﬁltering is applied, two
structures can be implemented: ﬁltering in αβ stationary reference frame and ﬁltering
in dq synchronous rotating reference frame. Improved performance over the zero cross-
ing method is reported, but still, the ﬁltering technique encounters diﬃculty to extract
the phase angle when grid variations or faults occur in the utility network [27].
PLL
Nowadays, the phase-locked loop (PLL) technique is usually used to extract the
phase angle of the grid voltage [27]. The conventional PLL system implemented within
the dq synchronous reference frame [44], shown in Figure 2.3, uses a PI controller to
track the phase angle of the grid voltages and the lock is realised by setting the refer-
ence of the d − axis voltage to zero. Under ideal grid conditions, this PLL structure
performs satisfactory. However, when the utility grid is unbalanced, improvements to
the conventional three phases PLL are necessary.
In [45] a technique using a repetitive controller is proposed to eliminate the unbal-
anced eﬀect on the synchronisation algorithm, providing a clean synchronisation signal
during an imbalanced fault. Another method is provided in [46], where all three phases
have an independent control and synchronisation, hence three PLL systems are required.
A decoupled double synchronous reference frame PLL is proposed in [47] for unbalanced
power networks. The proposed technique deﬁnes an unbalanced voltage vector, consist-
ing of both positive and negative-sequence components, and expresses it on the double
synchronous reference frame in order to detect the positive-sequence component. In [48]
the frequency-adaptive synchronisation method is presented. This proposed method al-
lows estimating not only the positive and negative-sequence components of the power
12
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Figure 2.3: The block diagram of the conventional three-phase PLL system implemented
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signal at the fundamental frequency, but also other sequence components at higher
frequencies.
2.4 Control schemes for grid-side converters
Currently, most grid-side converters adopt the VSI topology with a current controller to
regulate the current injected into the grid [49, 50, 51, 52]. Current controlled inverters
have the advantages of the high accuracy control of an instantaneous current, a peak
current protection, an overload rejection and very good dynamics [53]. The basic control
structure of the grid-side controllers is a fast internal current loop, which regulates the
grid current, and an external voltage loop, which controls the dc-link voltage [27]. The
current loop is responsible for power quality issues and the dc-link voltage controller
is designed for balancing the power ﬂow in the system. Such control structures can be
implemented into diﬀerent reference frames. A basic division of the control schemes
with respect to the diﬀerent reference frames follows.
2.4.1 Synchronously rotating reference frame control
Synchronous reference frame control, also called dq, uses abc → dq transformation
module to transform the control variables from their natural frame abc to a dq frame,
which synchronously rotates with the frequency of the grid voltage. This transformation
is commonly used in three-phase systems, where it is known as the Park transformation.
The grid voltage in natural frame can be represented as
vabc = Vm
 cosθgcos(θg − 2pi3 )
cos(θg + 2pi3 )
 , (2.2)
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where Vm is the peak value of the grid voltage and θg is the phase angle. If the grid
voltage is balanced, the (2.2) can be expressed in stationary (αβ) frame as
vαβ = Tαβ ∗ vabc, (2.3)
where vαβ =
[
vα vβ
]T
and transform matrix
Tαβ =
2
3
(
1 −12 −12
0 −
√
3
2
√
3
2
)
. (2.4)
Equation (2.3) can be further be expressed in synchronous (dq) reference frame as
vdq = Tdq ∗ vαβ, (2.5)
where vdq =
[
vd vq
]T
and transform matrix
Tdq =
2
3
(
cosθg −sinθg
sinθg cosθg
)
. (2.6)
As a consequence, the control variables are DC signals, and controlling and/or ﬁltering
such values is easier. The dq control algorithm is normally associated with PI control.
The block diagram of a current-controlled VSI in the synchronously rotating ref-
erence frame (dq) is shown in Figure 2.4. The dq control structure needs information
about the frequency and phase angle of the grid voltage in order to perform the trans-
formations. A PLL is used to provide the phase information of the grid voltage. The
real power and reactive power exchanged with the grid are determined by current refer-
ences I∗d and I
∗
q . The inverter in this work is assumed to be powered by a constant DC
power source and, hence, no controller is needed to regulate the DC-link voltage (oth-
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Figure 2.5: The block diagram of a current-controlled VSI in the stationary reference
frame (αβ)
erwise, a controller can be introduced to regulate the DC-link voltage and to generate
I∗d accordingly).
2.4.2 Stationary reference frame control
In the stationary reference frame control, also called αβ, the grid voltages and currents
are transformed into the reference frame using abc → αβ transformation (2.3). The
control variables are sinusoidal and the diﬃculty comes in designing a regulator with
the correct gain against frequency characteristic to regulate the fundamental frequency
and reject higher harmonic disturbances. PI regulators with their pole (inﬁnite gain)
at zero-frequency are not best suited to this task and it is unable to eliminate steady
state error [27]. A proportional resonant (PR) controller is usually used. The block
diagram of a current-controlled VSI in the stationary reference frame (αβ) is shown in
Figure 2.5. It has a current loop including a PR controller so that the current injected
into the grid could track the reference currents i∗α and i∗β , which are generated from the
d, q-current reference I∗d and I
∗
q using a dq → αβ transformation. A PLL is used to
provide the phase information of the grid voltage, which is needed to generate i∗α and
i∗β . The real power and reactive power exchanged with the grid are determined by I
∗
d
and I∗q .
2.4.3 Natural frame control
The general idea of the natural frame control, also called abc control, is to have an
individual controller for each phase. The block diagram of a current-controlled VSI
in the natural frame (abc) is shown in Figure 2.6. The abc control can be divided
according to used controller into linear and non-linear [27]. Following to digital signal
processing (DSP) devices development, non-linear controllers like hysteresis or dead
beat are preferred due to their high dynamics. However linear PI or PR controllers can
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Figure 2.6: The block diagram of a current-controlled VSI in the natural frame (abc)
be also implemented to the abc frame [25].
In a situation of an isolated neutral transformer (4− Y ), used as DPGS grid inter-
face, only two of the grid currents can be independently controlled, the third one being
the negative sum of the other two according to Kirchhoﬀ's law. Hence, the implemen-
tation of two controllers only is necessary.
All controllers used in this work are implemented in the abc frame with a Y − Y
step-up transformer being used as the interface between utility grid and experimental
setup. The system is implemented with a neutral point controller proposed in [54]. An
individual controller is used for each phase (see Chapter 3 for more details).
2.5 Classical control methods
As stated in the previous Section 2.4, most of the grid-connected inverters currently
adopt the VSI topology, with a current controller to regulate the current injected into the
grid by using schemes such as proportional-integral (PI) controllers in the synchronously
rotating reference frame (dq), proportional-resonant (PR) controllers in the stationary
reference frame (αβ), predictive deadbeat controllers or hysteresis controllers in the
natural (abc) frame [25, 27, 37, 49, 50, 51, 52, 55]. The short overview of the most
popular control methods implemented in diﬀerent frames follows.
2.5.1 Proportional-integral control
A PI [25, 56, 57] controller is normally associated with the synchronous reference frame
control or dq control. The transfer function of the PI controller is given by
CPI(s) = Kp +
Ki
s
, (2.7)
where Kp and Ki are proportional and integral gains respectively.
The PI controller implemented in the dq frame is traditionally considered as a good
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solution for regulating sinusoidal current in balanced three-phase systems, however is
not good at correcting unbalanced disturbance currents which are a common feature of
distribution systems [14]. Moreover, compensation capability of the low-order harmon-
ics, using PI controllers, are poor. The PI controller in a synchronous frame is more
complex with respect to a PR controller in the stationary frame, as it is requires two
coordinate transformations with knowledge of the synchronous frequency. In addition
the synchronous dq transformation can't be applied to single-phase systems.
To improve the performance of a PI controller in this structure, cross-coupling terms
(±ωL) and/or feed-forward grid voltage (Ud and Uq), shown in Figure 2.4, can be
used [25, 27]. The feed-forward grid voltage is used in order to improve dynamics
of the controller during grid voltage ﬂuctuation. Every deviation of the grid voltage
amplitude is reﬂected into the d- and q-axis component of the voltage, leading to a fast
response of the control system [56]. In addition, the scheme has the particular advantage
of independent control of the real and reactive current components, which translates
directly to real and reactive power ﬂow control. This is advantageous for application,
where the grid supply currents can be directly regulated in the synchronous frame and
transferred back into the natural frame to provide references for PWM modulation [37].
For more details, including PI controller design, see Chapter 6.
2.5.2 Proportional-resonant control
A PR [58, 59, 60, 61, 62] controller is usually used in a stationary reference frame control
αβ, however it can easily be implemented in an abc frame. Such a controller has got a
high gain around resonant frequency and thus is capable of eliminating a steady state
error, when control variables are sinusoidal [25, 27, 61]. The transfer function of a
proportional resonant controller is given by
CPR(s) = Kp +Ki
s
s2 + ω2
(2.8)
where ω is resonant frequency. In this structure a low order harmonics compensator
can be easily implemented to improve the performance of the current controller without
inﬂuencing its behaviour [25]. The transfer function of the harmonics compensator is
given by
CHC(s) =
∑
h=3,5,7,..
Kih
s
s2 + (ωh)2
(2.9)
where h is the harmonic order. In order to maintain good performance of the controller,
the resonant frequency must be identical to the grid frequency. As reported in [62] the
frequency can be adaptively adjusted according to grid frequency variation. For more
details, including PR controller design, see Chapter 6.
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2.5.3 Deadbeat control
Deadbeat (DB) predictive controllers [63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75]
are widely employed for sinusoidal current regulation of diﬀerent applications due to its
high dynamic response. This controller theoretically has a very high bandwidth, and
hence, tracking of sinusoidal signals is very good. The principle of the DB controller
is to calculate the derivative of the controlled variable in order to predict the eﬀect
of the control action. Deadbeat predictive control is widely used for current error
compensation and oﬀers high performance for current-controlled VSIs. However, it
is quite complicated and sensitive to system parameters [55, 56]. For more details,
including DB controller design, see Chapter 6.
2.5.4 Hysteresis control
Hysteresis control [76, 77, 78] is simple and brings fast responses. Normally, the output
of the hysteresis comparator is the state of the switches in the power inverter, hence
three hysteresis controllers are required (one for each leg of the inverter) in the case of
a three phase inverter. Three-phase output currents of the inverter are detected and
compared with the corresponding phase current references individually. The switch-
ing signals are produced directly when the error exceeds an assigned tolerance band.
Hysteresis control is insensitive to system parameters and is extremely simple for imple-
mentation. Moreover, due to the closed-loop PWM, hysteresis control oﬀers an inherent
current protection and usually an outstanding dynamic response. However, since the
three-phase currents are independently controlled with a control delay, which virtually
eliminates the ability to generate zero voltage vectors, the output current ripples may
be quite large and the THD of the output currents could be unacceptably high for
power grids. Moreover, the inverter switching frequency depends largely on the load
parameters and varies with the ac voltage. Due to the inherent randomness, caused by
the limit cycle, the output ﬁlter design is diﬃcult.
A number of proposals have been put forward to overcome variable switching fre-
quency. Depending on the method used, the complexity of the controller can be in-
creased considerably. Although the constant switching frequency scheme is more com-
plex, it guarantees very fast response together with limited tracking error. The constant
frequency hysteresis controls are well suited for high performance high-speed applica-
tions [25, 27, 55, 76, 77, 79].
2.5.5 Multiloop control
A multiloop feedback control has attracted considerable attention due to its simplicity
and ease of implementation. Generally, multiloop control is used to control the output
voltage or current of a power conversion system, when equipped with a higher order
LC or LCL passive ﬁlter. It involves the use of an outer and an inner control loop,
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with the outer loop ensuring steady-state reference tracking performance and the inner
loop providing fast dynamic compensation for system disturbances (including sudden
reference or load changes) and improving stability [80].
For example in [37] a strategy is proposed to control the grid output current of
an inverter connected to the grid through a LCL ﬁlter. The PI controller is used to
regulate the grid current, together with a simple inner capacitor current regulating loop
to stabilise the system.
In stand-alone systems, a multiloop voltage controller with a capacitor current feed-
back as inner loop can eliminate the output LC ﬁlter resonant peak to increase stability
in load disturbance and enhance dynamic performance [81, 82, 83].
G 
C 
u 
z w 
y 
Figure 2.7: The standard H∞ optimal control problem
2.6 H∞ theory and repetitive control
In this section the H∞ and repetitive control techniques are brieﬂy introduced and the
former work of the voltage controller design is presented.
2.6.1 Introduction to H∞ control theory
The H∞ methods are used in control theory to synthesise controllers achieving robust
performance or stabilisation. The H∞ optimal control theory is an eﬀective method
to design a controller to guarantee the performance with the worst-case disturbance.
Its basic principle is to minimise the inﬂuence of the disturbances to outputs. The
control problem is formulated as a mathematical optimisation problem and then ﬁnds
the controller that solves this. The design speciﬁcations, such as tracking performance
and robustness performance, are expressed as constraints on the singular values (or
gain responses) of diﬀerent loop transfer functions (from input to error or closed-loop
transfer function). Therefore, those loops can be shaped by the appropriate selection of
weighting functions. The weighted mixed-sensitivity function can be minimised by using
a MATLAB software package, which computes the H∞ optimal controller (hinfsyn
function) via a description of the system in state space and solution of two algebraic
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Riccati equations [84]. The mathematical symbol H∞ comes from the name of the
mathematical space over which the optimisation takes place (hardy space). The H∞ is
the space of matrix-valued functions that are analytic and bounded in the open right-
half of the complex plane.
The standard H∞ optimal control problem is shown in Figure 2.7, where w rep-
resents an external disturbance, y is the measurement available to the controller, u
is the output from the controller, and z is an error signal that it is desired to keep
small. The transfer function G represents not only the conventional plant to be con-
trolled, but also any weighting function included to specify the desired performance.
The H∞ optimal control problem is then to design a stabilising controller C, so as to
minimise the closed loop transfer function from w to z, Tzw, in the H
∞ norm, where
‖Tzw‖∞ = sup
ω∈<
σ¯(Tzw(jω)) [85].
Developed late in the last century, robust control has been widely used in industrial
plants. The H∞ control method have been applied to power electronics, for example to
boost converters [86], grid-connected inverters [14, 13], or a Dynamic Voltage Restorer
(DVR) system [84].
W(s) e-τds 
+ + e p 
Figure 2.8: The block diagram of an internal model
2.6.2 Repetitive control
Repetitive control theory [87], regarded as a simple learning control method, provides an
alternative to eliminating periodic errors in dynamic systems, using the internal model
principle [88]. The internal model, shown in Figure 2.8, is an inﬁnite-dimensional and
can be obtained by connecting a delay line into a feedback loop. The internal model
operates on the error term and provides a series of pole-pairs at multiples of a chosen
frequency. The ﬁrst several pole-pairs are close to the imaginary axis, but at higher
multiples the pole-pairs are brought into the left half-plane. Including a low pass ﬁlter
in the loop, provides the necessary shift to the left of the higher poles [89]. Such a
closed-loop system can deal with a very large number of harmonics simultaneously, as
it has a high gain at the fundamental and all harmonic frequencies of interest. As con-
sequences, the repetitive control leads to a very low harmonic distortion for the output
current and/or voltage even in the presence of nonlinear loads and/or grid distortions.
It has been successfully applied to constant-voltage constant-frequency (CVCF) PWM
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inverters [89, 90, 91, 92, 93, 94, 95, 96, 97], grid-connected inverters [14, 13, 98] and
active ﬁlters [99, 100, 101].
2.6.3 H∞ repetitive voltage controller proposed in [14]
In this section the previous work from literature, which is the base of this work, is brieﬂy
presented. For more details, please refer to [14].
The block diagram of the H∞ repetitive control scheme is shown in Figure 2.9,
where P is the transfer function of the plant, C is the transfer function of the stabilis-
ing compensator and M is the transfer function of the internal model. The stabilising
compensator C, designed by solving a weighted sensitivity H∞ problem, assures the
exponential stability of the entire system, which implies that the tracking error e be-
tween the voltage reference and the inverter output voltage will converge to a small
steady-state error. The internal model M is a local positive feedback of a delay line
cascaded with a low-pass ﬁlter W (s).
 
Vref 
plant 
stabilizing
 
compensator 
u 
e 
Vg 
id 
ic 
sdesW τ−)(
+ 
internal model 
+ w 
  p 
P 
M 
C 
 
Figure 2.9: The block diagram of the H∞ repetitive voltage control scheme
In order to guarantee the stability of the system, the H∞ control problem, as
shown in Figure 2.10, is formulated to minimise the H∞ norm of the transfer func-
tion T z˜w˜ = F l(P˜ , C) from w˜ = [v1v2w]T to z˜ = [ z1 z2 ]T , after opening the local
positive feedback loop of the internal model and introducing weighting parameters ξ
and µ. The closed-loop system is represented as[
z˜
y˜
]
= P˜
[
w˜
u
]
,
u = Cy˜,
where P˜ is the extended plant and C is the controller to be designed. The extended
plant P˜ consists of the original plant P together with weighting functions W and Wu
and weighting factors ξ and µ.
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Figure 2.10: Formulation of the H∞control problem
However, in simulations and experiments, some practical problems were discovered.
Some of these problems were already treated in [102], unfortunately the design becomes
even more complex than the one presented in [14].
Initially, as the actual utility grid frequency f varies, the performance of the repet-
itive controller proposed in [14] is degraded, while working in the grid-connected mode
. If the grid frequency changes slightly, then the tracking error no longer converges
to zero. The sensitivity of the control system to such frequency variations depends
on the delay time in the internal model positive feedback, shown in Figure 2.8. The
correction of the amount of delay used in the internal model could lead to signiﬁcant
improvement in the performance. However, following the discrete-time implementation
with a low sampling frequency, the adaptive delay time is diﬃcult to implement. In
[92], a fractional delay based repetitive control scheme with a ﬁxed sampling rate is
proposed with two diﬀerent design methods: the Lagrange interpolation method and
the least-square method. The Lagrange interpolation method is easy to implement but
with limited performance. The least-square method provides better performance, but
requires intensive computation. In this work, a frequency adaptive mechanism to change
the cut-oﬀ frequency of the low-pass ﬁlter in the internal model is proposed so that the
controller can cope with grid frequency variations. In addition, attention is also paid
to improving power quality and tracking performance, and reducing the complexity of
the controller design with respect to [14]. As a result, diﬀerent control strategies are
proposed, implemented and experimentally tested for the grid and microgrid connected
VSI, based on H∞ and repetitive control techniques.
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Chapter 3
Experimental setup
In order to carry out real-time experiments an experimental setup has been designed
and built up. In this chapter, the experimental system design and development are
brieﬂy described.
3.1 System structure
The experimental setup consists of an inverter board, a three-phase LC ﬁlter, a three-
phase grid interface inductor, a three-phase local load, a board consisting of voltage and
current transducers, a step-up transformer, a dSPACE DS1104 R&D controller board
with ControlDesk software, and MATLAB Simulink/SimPower software package. The
experimental setup and block diagram of the experimental setup are shown in Figures
3.1 (a) and (b) respectively.
The inverter board consists of two independent three-phase inverters and has the
capability to generate PWM voltages from a constant 42V DC voltage source. The
generated three-phase voltage is connected to the grid via a controlled circuit breaker
and a step-up transformer. The grid voltage and the current injected into the grid
are measured for control purposes. The sampling frequency of the controller is 5 kHz
and the PWM switching frequency is 12 kHz. A Yokogawa power analyser WT1600 is
used to measure the THD. Following sections consist of short descriptions of all major
components of the experimental setup.
3.2 Software environment
The MATLAB software package, including Simulink and SimPower toolboxes, has been
used in this work to verify and implement diﬀerent control strategies. The MATLAB
is a powerful and well-known tool for engineers and scientists. The Simulink [103],
integrated with MATLAB, is an environment for simulation and model-based design
for dynamic and embedded systems. It provides an interactive graphical environment
and a set of block libraries that allow design, simulation, implementation, and the
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(b) The block diagram of the experimental setup
Figure 3.1: Experimental setup
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ability test a variety of time-varying systems, including apart from other digital signal
processing and controls.
SimPower Systems [104] extends the Simulink software with tools for modelling and
simulating basic electrical circuits and detailed electrical power systems. These tools
allow model the generation, transmission, distribution, and consumption of electrical
power.
3.3 dSPACE Kit
The dSPACE Kit used in this work consists of three major components. These are
DS1104 controller board [105, 106], CP1104 connector board and the ControlDesk soft-
ware [107, 108].
DS1104 controller board is real-time hardware based on PC technology for controller
development in various ﬁelds, such as drives, robotics, aerospace or automotive. The
DS1104 controller board upgrades PC to a development system for rapid control proto-
typing. This real time interface (RTI) provides MATLAB/Simulink with library blocks
for graphical conﬁguration of ADC, DAC, digital I/O lines, incremental encoders, PWM
blocks etc.. Simulink models can be then easily conﬁgured and run by using these RTI
blocks. This reduces the implementation time to a minimum.
CP1104 connector board is an I/O interface between the power electronics drives
board and DS1104 controller board. CP1104 connector board is used to easily access
I/O signals with BNC and Sub-D connectors.
Finally the ControlDesk is a test and experiment software for DS1104 controller de-
velopment. The ControlDesk manages real-time and Simulink experiments. It performs
all the necessary tasks in a single working environment. The ControlDesk can operate
in two basic modes: the developer mode with the full functionality, and the operator
mode. The control of Simulink simulations is integrated to validate controller models
oine, switching into the dSPACE real-time and back again as required. The Con-
trolDesk can use the same tool environment for virtual instrumentation, automation,
and parameter set handling, without any modiﬁcations at all.
3.4 Power electronics inverter board
The power electronics inverter board, shown in Figure 3.2, has been designed to perform
a variety of experiments on AC/DC machines [109, 110]. The inverter board consists
of two completely independent 3-phase PWM inverters. The ﬁrst inverter is used for
three-phase voltage generation and the second is used for neutral point control. Digital
PWM input channels for real-time digital control and complete digital/analog interface
with dSPACE board is provided. Each 3-phase inverter uses MOSFETs as switching
devices and is driven by 3-phase bridge drivers (IR2133). The PWM inputs are isolated
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before being fed to the drivers. The drive board consists of over-current protection for
each inverter. Voltage measurement test points are provided to observe the inverter
output voltages and current transducers are used to measure the output current of the
inverters. The PWM/digital signals and other digital signals for the board are realised
by the 37-pin DSUB connector.
 
Figure 3.2: Power electronics inverter board
3.5 Step-up transformer
The three-phase step-up transformer is used in this work to transform the low level
voltages generated by the power electronics drives board to values necessary for utility
grid connection. A transformer has been manufactured according to design requirements
by the Majestic Transformer Company. Transformer speciﬁcation: Three-phase Y − Y
connection, primary voltage: 12VRMS (line to neutral) 50/60Hz, secondary voltage:
230VRMS (line to neutral), power rating: 400V A.
3.6 Filters, sensors and signal conditioning circuits
To build up an experimental setup, shown in Figure 3.1, two printed boards (PCB 1
and PCB 2) have been designed. PCB 1, shown in Figure 3.3, consists of a three-phase
LC line ﬁlter (Lf and Cf ), components to create neutral point and two independent
circuits to measure variables required for neutral point control. The three-phase LC line
ﬁlter is provided to reduce higher-order harmonics generated by the power electronics
inverter board. The neutral leg topology consists of two split capacitors CN+ and CN−
and inductor LN . The two variables to be measured which are required for neutral
point control are voltage shift ε of the neutral point and current through capacitors iC
(for more details please see [54]).
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PCB 2, shown in Figure 3.4, consists of a three-phase circuit breaker, grid inter-
face inductor Lg and two sets of three phase voltages and line currents measurements.
The ﬁrst set measures voltages and currents on the inverter-side of the circuit breaker
including local load. The second set measures grid voltages and currents exchanged
between grid and the experimental setup. The grid voltage measurements are necessary
for synchronisation. Each of the measurement circuits consist of a LEM transducer and
2nd order low pass ﬁlters. The LV 25-P and LA 25-NP transducers are used to mea-
sure voltages and currents respectively. Both transducer types have galvanic isolation
between the primary circuit (high power) and the secondary circuit (electronic circuit).
The analog output signal from each transducer (secondary circuit) is further processed
through a 2nd order low pass ﬁlter, to eliminate ripples at switching frequency of the
DC-AC converter. Since the total number of analog variables to be measured is higher
with respect to availability of the input ADC channels on the dSPACE DS1104 Con-
troller board, three four-channels analog multiplexers are introduced on PCB 2. The
three-phase circuit breaker is realised by three independent relays controlled by signals
from the dSPACE DS1104 Controller board.
Both printed boards PCB 1 and PCB 2 have been designed using CADSTAR soft-
ware. PCB 1 and PCB 2 layouts are shown in Figures 3.3 and 3.4 respectively.
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Figure 3.3: PCB 1 layout: three-phase LC ﬁlter and neutral point measurements
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Figure 3.4: PCB 2 layout: three-phase voltage and current measurements
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Chapter 4
H∞ repetitive voltage controller
In this chapter, a voltage controller based on H∞ and repetitive control techniques
proposed in [14] is further developed and experimentally tested. The attention is paid
to improving power quality and tracking performance, and considerably reducing the
complexity of the controller design. A frequency adaptive mechanism to change the cut-
oﬀ frequency of the low-pass ﬁlter in the internal model is proposed so that the controller
can cope with grid frequency variations. This simple mechanism allows the controller
to maintain very good tracking performance over a wide range of grid frequencies.
Another major improvement in this work with respect to [14] is that, following extensive
simulations and real-time experiments, the model of the plant has been reduced and the
measurement of the current iC has been removed. The system design is thus reduced
to a single-input-single-output (SISO) repetitive control design proposed in [111, 112].
Less measurements and less weighting functions are involved, which makes the design
much simpler than the one proposed in [14] and the stability evaluation easier. Finally,
the processing delay [102] has been taken into account, which leads to slight tracking
improvement.
4.1 Description of the control scheme
The general idea of the proposed control system is to use an individual controller for each
phase in the natural frame. The system is implemented with a neutral point controller
proposed in [54]. The control structure of the system is shown in Figure 4.1. It consists
of two loops: an inner current loop and an outer voltage loop using a voltage controller
to track the reference voltage uref . The outputs of the voltage controllers are reference
currents iref . These reference current signals are fed into the inner current control loop
with peak current limiting capability. This inner current loop is implemented using only
proportional controllers Kc, with the three-phase inductor currents chosen as feedback
variables, since it does not inﬂuence the tracking accuracy of the outer voltage loop
[18, 19].
The PLL is used to provide the information of the grid voltage, which is needed to
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Figure 4.1: The block diagram of a voltage-controlled VSI with the H∞ repetitive
voltage controller in the natural frame
generate the voltage reference uref . The power controller regulates active power P and
reactive power Q and references are determined by P ∗ and Q∗. The inverter is assumed
to be powered by a constant DC power source, and hence, no controller is needed to
regulate the DC-link voltage (otherwise, a controller can be introduced to regulate the
DC-link voltage and to generate P ∗). As the main objective is to design the voltage
controller, the P,Q controllers are simply chosen as PI controllers.
4.2 Design of the repetitive voltage controller
In this section, a voltage controller based on the H∞ and repetitive control techniques is
designed for a grid-connected inverter after establishing its model. The main objective
of the H∞ repetitive voltage controller is to maintain a clean and balanced local load
voltage in the presence of non-linear loads and/or grid distortion. The block diagram
of the H∞ repetitive control scheme is shown in Figure 4.2, where P is the transfer
function of the plant, C is the transfer function of the stabilising compensator and
M is the transfer function of the internal model. The stabilising compensator C and
internal model M are the two components of the proposed controller. The stabilising
compensator C, designed by solving a weighted sensitivity H∞ problem [112], assures
the exponential stability of the entire system, which implies that the tracking error e
between the voltage reference and the inverter output voltage will converge to a small
steady-state error [113]. The internal model M is a local positive feedback of a delay
line cascaded with a low-pass ﬁlter W (s). The external signal w contains both the grid
voltage (ug) and the voltage reference (uref ), which are assumed to be periodic with a
fundamental frequency of 50Hz.
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Figure 4.2: The block diagram of the H∞ repetitive voltage control scheme
4.3 State-space model of the plant P
The considered plant consists of the inverter bridge, an LC ﬁlter (Lf and Cf ) and a grid
interface inductor Lg. The LC ﬁlter and the grid interface inductor form an LCL ﬁlter.
The ﬁlter inductors are modelled with series winding resistance. The model of the plant
is derived using the single phase diagram of the system shown in Figure 4.3. The circuit
breaker SC is needed during the synchronisation and shut-down procedure. However,
the switch is considered to be closed (i.e. the synchronisation process is omitted).
PWM 
ic Rf Lf Rg 
 
u 
grid 
Cf 
ug 
filter inductor grid interface inductor 
uc 
Lg i1 i2 
Sc 
+ - VDC 
neutral 
uf 
Rd 
Inverter 
bridge 
uo 
 
Figure 4.3: Single phase representation of the plant P
The PWM block together with the inverter are modelled by using an average voltage
approach with the limits of the available DC-link voltage [14] so that the fundamental
component of uf is equal to u. As a result, the PWM block and the inverter bridge can
be ignored when designing the controller. The parameters of the plant are shown in the
Table 4.1.
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parameter value parameter value
Lf 150µH Lg 450µH
Rf 0.045Ω Rg 0.135Ω
Cf 22µF Rd 1Ω
fs 5kHz fsw 12kHz
Table 4.1: Parameters of the plant
The currents of the two inductors and the voltage of the capacitor are chosen as state
variables x =
[
i1 i2 uc
]T
. The external input w =
[
ug uref
]T
consists of the
grid voltage ug and the reference voltage uref , and the control input is u. The output
signal from the plant P is the tracking error e = uref − u0, where u0 = uc +Rd(i1− i2)
is the output voltage of the inverter. The plant P can then be described by the state
equation
x˙ = Ax+B1w +B2u (4.1)
and the output equation
y = e = C1x+D1w +D2u (4.2)
with
A =

−Rf+RdLf
Rd
Lf
− 1Lf
Rd
Lg
−Rg+RdLg 1Lg
1
Cf
− 1Cf 0
 ,
B1 =
 0 0− 1Lg 0
0 0
 , B2 =

1
Lf
0
0
 ,
C1 =
[
−Rd Rd −1
]
,
D1 =
[
0 1
]
, D2 = 0.
The corresponding plant transfer function is then
P =
[
D1 D2
]
+ C1(sI −A)−1
[
B1 B2
]
. (4.3)
In the sequel, the following notation is used:
P =
[
A B1 B2
C1 D1 D2
]
. (4.4)
4.4 Frequency-adaptive internal model M
The internal model M , shown in Figure 4.2, is an inﬁnite dimensional and consists of a
low-pass ﬁlterW (s) = ωcs+ωc cascaded with a delay line e
−τds. It is capable of generating
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periodic signals of a given fundamental period τd so it is capable of tracking periodic
references and rejecting periodic disturbances having the same period. In order to
improve the performance of the controller, the delay time τd used in the internal model
M should be slightly less than the fundamental period τ [113], and is given by
τd = τ − 1
ωc
, (4.5)
where ωc is the cut-oﬀ frequency of the low-pass ﬁlter W .
The internal model has a very high gain at frequencies pre-deﬁned by the internal
model delay line; see Figure 4.4(a). When the actual grid frequency f varies, its perfor-
mance is degraded. This problem could be solved by changing the delay time τd with
respect to the grid frequency. However following the discrete-time implementation and
low sampling frequency used (e.g. 5 kHz), the adaptive delay time is impossible to be
implemented without further degrading the controller performance. Alternatively, in
order to maintain superior tracking performance of the controller, the cut-oﬀ frequency
of the low-pass ﬁlter ωc can be changed with respect to the grid frequency variations.
This adaptive mechanism is based on the formula
ωc =
1
τd (1− τdf) , (4.6)
which was derived from [14]. This is to make the poles of the internal model close to the
multiples of the fundamental frequency on the jω-axis. After many trial-and-errors, τd
has been chosen as 0.0196sec (98 out of 100 samples at 5kHz). The proposed method
makes use of the frequency estimation provided by the PLL. In this way, the PLL
estimates the actual grid frequency f and transmits to the internal model to change
ωc. The frequency adaptive mechanism has been tested in a grid frequency range from
49.85 to 50.15Hz; τd might need to be changed for a wide frequency range. Figure
4.4(a) shows the Bode plots of the discretised internal model M for diﬀerent ωc, with
details around 50Hz shown in Figure 4.4(b).
4.5 Formulation of the standard H∞ problem
In order to guarantee the stability of the system, the H∞ control problem, as shown
in Figure 4.5, is formulated to minimise the H∞ norm of the transfer function T z˜w˜ =
F l(P˜ , C) from w˜ = [ v w ]T to z˜ = [ z1 z2 ]T , after opening the local positive
feedback loop of the internal model and introducing weighting parameters ξ and µ. The
closed-loop system can be represented as[
z˜
y˜
]
= P˜
[
w˜
u
]
,
u = Cy˜,
(4.7)
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Figure 4.4: Bode plots of the discretised internal model
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Figure 4.5: Formulation of the H∞control problem
where P˜ is the extended plant and C is the controller to be designed. The extended plant
P˜ consists of the original plant P together with the low-pass ﬁlter W , the processing
delay represented by Wd and weighting parameters ξ and µ. The additional parameters
ξ and µ are added to provide more freedom in design. Moreover, the MATLAB hinfsyn
algorithm, which solves the standard H∞ problem needs D12 to have full column rank
and D21 to have full row rank, respectively (D12 and D21 of the extended plant (4.13)).
Assume that W is realised as
W =
[
Aw Bw
Cw 0
]
=
[
−ωc ωc
1 0
]
(4.8)
and Wd is realised [102] as
Wd =
[
Ad Bd
Cd Dd
]
=
[
− 2Ts 4Ts
1 −1
]
, (4.9)
where Ts is the sampling period. From Figure 4.5, the following equations can be
deduced:
y = e+ ξv = ξv +
[
A B1 B2
C D1 D2
][
w
ud
]
= ξv + [P1] [w] + [P2] [ud]
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= ξv + [P1] [w] + [P2] [Wd] [u]
=
 A B2Cd 0 B1 B2Dd0 Ad 0 0 Bd
C D2Cd ξ D1 DdD2

 vw
u
 (4.10)
z1 = Wy =

A B2Cd 0 0 B1 B2Dd
0 Ad 0 0 0 Bd
BwC1 BwD2Cd Aw Bwξ BwD1 BwD2Dd
DwC1 DwD2Cd Cw Dwξ DwD1 DwD2Dd

 vw
u
 , (4.11)
z2 = µu. (4.12)
Combining equations from (4.10) to (4.12), the extended plant is then realised as
P˜ =

A B2Cd 0 0 B1 B2Dd
0 Ad 0 0 0 Bd
BwC1 BwD2Cd Aw Bwξ BwD1 BwD2Dd
DwC1 DwD2Cd Cw Dwξ DwD1 DwD2Dd
0 0 0 0 0 µ
C1 D2Cd 0 ξ D1 D2Dd

, (4.13)
for which the stabilising controller C can be calculated using the well-known results on
H∞ controller design [85].
4.6 Evaluation of the system stability
The current measurement iC , needed in the controller presented in [14, 98], has been
removed and hence the system has been reduced to an SISO repetitive control system,
as shown in Figure 4.2. Since there is no additional measurement information, P21 and
P22 from the original plant in [14, 98] do not exist, which simpliﬁes the system stability
conditions. According to [14, 113], the closed-loop system in Figure 4.2 is exponentially
stable if the closed-loop system from Figure 4.5 is stable and its transfer function from
a to b, denoted Tba, satisﬁes ‖Tba‖∞ < 1.
Assume that the state-space realisation of the controller is
C =
[
Ac Bc
Cc 0
]
. (4.14)
Note that the optimal controller obtained from the H∞ design is always strictly proper.
The realisation of the transfer function from a to b, assuming that w = 0 and noting
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that D2 = 0, can be found as follows:
Tba =
(
1−
[
A B2
C1 D2
]
WdC
)−1
W
=
(
1−
[
A B2
C1 0
][
Ad Bd
Cd Dd
][
Ac Bc
Cc 0
])−1 [
Aw Bw
Cw 0
]
=

A B2Cd B2DdCc 0 0
0 Ad BdCc 0 0
BcC1 0 Ac BcCw 0
0 0 0 Aw Bw
C1 0 0 Cw 0
 .
(4.15)
Once the controller C is designed, the stability of the system can be veriﬁed by
checking ‖Tba‖∞. Moreover, according to [14, 113] a small value for γ01−γ , where γ0 =
‖Tew‖∞ and γ = ‖Tba‖∞, will result in a small steady-state error. Hence, the weighting
parameters ξ and µ are chosen to minimise γ01−γ , while keeping γ < 1. The realisation
of the transfer function from w to e, assuming that v = 0, can be found as follows:
Tew =
(
1−
[
A B2
C1 0
][
Ad Bd
Cd Dd
][
Ac Bc
Cc 0
])−1 [
A B1
C1 D1
]
=

A B2Cd B2DdCc B1
0 Ad BdCc 0
BcC1 0 Ac BcD1
C1 0 0 D1
 .
(4.16)
4.7 H∞ controller design
The low-pass ﬁlter W is chosen according to (4.6) as W =
[
−2550 2550
1 0
]
for f =
50Hz and processing delay is realised as Wd =
[
−10000 20000
1 −1
]
. The weighting
parameters are chosen to be ξ = 24 and µ = 1.6. Using the MATLAB hinfsyn
algorithm, the H∞ controller C which nearly minimises the H∞ norm of the transfer
matrix from w˜ to z˜ is obtained as
C(s) =
864.6214(s+ 1e004)(s2 + 9189s+ 4.04e008)
(s+ 1.118e004)(s+ 2550)(s2 + 9047s+ 4.198e008)
. (4.17)
The resulting γ = ‖Tba‖∞ is 0.8198 and γ0 = ‖Tew‖∞ is 1.2083. The controller can
be reduced to
C(s) =
864.6214(s+ 1e004)
(s+ 1.118e004)(s+ 2550)
(4.18)
without causing noticeable performance degradation, after cancelling the poles and zeros
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which are close to each other. The Bode plots of the original and reduced controllers
in the continuous time domain are shown in Figure 4.6 for comparison. This leads to
‖Tba‖∞ = 0.815 and ‖Tew‖∞ = 1.2030, which still maintains the stability of the system.
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Figure 4.6: Bode plots of the original and reduced controllers
4.8 Experimental results
The evaluation of the proposed control strategy was made in both stand-alone and grid-
connected modes. In the stand-alone mode, three experiments were carried out in steady
state with resistive, non-linear and unbalanced loads. In the grid-connected mode, the
control strategy was evaluated in steady state in four situations: without local load and
with resistive, non-linear and unbalanced local loads. Moreover in grid connected mode
two more experiments were carried out: transient response to a step change in the grid
output current I∗d reference and responses to grid frequency variations.
In the stand-alone mode, the voltage reference was set to the grid voltage (the
inverter is synchronised and ready to be connected to the utility grid). The evaluation
of the proposed controller was made for a resistive load (RA = RB = RC = 12Ω), a
nonlinear load (a three-phase uncontrolled rectiﬁer loaded with an LC ﬁlter L = 150µH,
C = 1000µF and a resistor R = 20Ω) and an unbalanced load (RA = RC = 12Ω and
RB =∞). In the grid-connected mode, the current reference of the grid output current
I∗d was set at 2A (1.41A RMS), after connecting the inverter to the grid. The reactive
power was set at 0VAR (I∗q = 0). The loads used in the stand-alone mode are used
again.
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Figure 4.7: Stand-alone mode with a resistive load: (a) local load voltage uA, its refer-
ence voltage uref and voltage tracking error eu, (b) local load current iA and (c) local
load voltage uA and current iA spectra
4.8.1 With a resistive load (stand-alone mode)
The output voltage uA, its reference uref and corresponding voltage tracking error eu
are shown in Figure 4.7 (a). Figure 4.7 (b) shows local load current iA. In case of the
resistive load, the recorded local voltage THD was 1.05% and grid voltage THD was
1.29%. The local load current THD was 1.06%. The local load voltage uA and current
iA harmonic spectra are shown in Figure 4.7 (c). As the utility grid voltage is used as
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reference (without any ﬁltering), it is worth mentioning that the quality of the local
voltage in the case of the proposed controller is better than that of the grid voltage.
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Figure 4.8: Stand-alone mode with a non-linear load: (a) local load voltage uA, its
reference voltage uref and voltage tracking error eu, (b) local load current iA and (c)
local load voltage uA and current iA spectra
4.8.2 With a non-linear load (stand-alone mode)
Figure 4.8 (a) shows a steady state response of the output voltage uA, its reference uref
and voltage tracking error eu. The local load current iA is shown in Figure 4.8 (b) and
41
the local load voltage and current harmonic spectra are shown in Figure 4.8 (c). For the
nonlinear load, the recorded local load voltage THD was 3.34%, while the grid voltage
THD was 1.33%. The local load current THD was 75.68%. The experimental results
indicate satisfactory performance of the voltage controller with a nonlinear loads.
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Figure 4.9: Stand-alone mode with an unbalanced load: (a) local load voltages at the
PCC and local load currents and (b) local load voltage uA and current iA spectra
4.8.3 With an unbalanced load (stand-alone mode)
The microgrid voltages at the PCC and the local load currents are shown in Figure 4.9
(a) and the voltage and current harmonic spectra are shown in Figure 4.9 (b). For the
unbalanced load, the recorded local load voltage THD was 1.18% and the grid voltage
THD was 1.25%. The local load current THD was 1.17%. Since the proposed control
structure takes advantage of separate controllers for each phase, the unbalanced load
have no inﬂuence on the voltage controller performance and the microgrid voltages
remain well balanced.
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Figure 4.10: Grid-connected mode without local load: (a) local load voltage uA, its
reference uref and voltage tracking error eu, (b) grid output current iA, its reference
iref and current tracking error ei and (c) local load voltage uA and grid current iA
spectra
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Figure 4.11: Grid-connected mode with a resistive local load: (a) local load voltage uA,
its reference uref and voltage tracking error eu, (b) grid output current iA, its reference
iref and current tracking error ei and (c) local load voltage uA and grid current iA
spectra
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Figure 4.12: Grid-connected mode with a non-linear local load: (a) local load voltage uA,
its reference uref and voltage tracking error eu, (b) grid output current iA, its reference
iref and current tracking error ei and (c) local load voltage uA and grid current iA
spectra
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4.8.4 Without load (grid-connected mode)
The steady state response output voltage uA, its tracking reference uref and voltage
tracking error eu are shown in Figure 4.10 (a). Figure 4.10 (b) shows grid output cur-
rent iA, its reference iref and corresponding tracking error ei. Figure 4.10 (c) shows
local load voltage and grid output current spectra respectively. In this experiment,
the recorded local voltage THD was 1.16% , while the grid voltage THD was 1.32%.
The grid output current THD was 6.67%. While the recorded local voltage distortion
is better than one of the grid voltage, the output current distortion is well above re-
quirements. As experimental result shows, there is no particular advantage of using the
voltage-controlled scheme in a grid-connected mode without a local load connected to
the system.
4.8.5 With a resistive load (grid-connected mode)
The local load voltage and grid output current steady state responses in case of the
resistive load are shown in Figures 4.11 (a) and (b) respectively. Figure 4.11 (c) shows
the harmonic spectra of the local load voltage and grid output current. When the
resistive local load is connected, the recorded local load voltage THD was 1.17% and
the grid voltage THD was 1.34%. The grid output current THD was 7.01%. While,
the local load voltage distortion remains almost unchanged with respect to the previous
experiment without load, the grid output current distortion is slightly increased. In
case of the resistive load, a similar conclusion can be made as in the case without local
load.
4.8.6 With a non-linear load (grid-connected mode)
The steady state response output voltage uA, its tracking reference uref and voltage
tracking error eu are shown in Figure 4.12(a). Figure 4.12(b) shows grid output current
iA, its reference iref and corresponding tracking error ei. The recorded local load voltage
THD was 2.05%, while the grid voltage THD was 1.38%. The grid output current THD
was 10.58%. The voltage and current spectra are shown in Figure 4.12 (c). In case
of non-linear load, the grid current distortion in case of voltage controller is smaller
compared to traditional current controllers (for comparison see Table 6.4).
4.8.7 With an unbalanced load (grid-connected mode)
The microgrid voltage at the PCC, total and grid output currents are shown in Figure
4.13(a) and (b) respectively. Figure 4.13 (c) shows the harmonic spectra of the local
load voltage uA and grid output current iA respectively. In case of the unbalanced load
(ib = 0), the recorded local load voltage THD was 1.32%, while the grid voltage THD
was 1.30%. The grid output current THD was 6.92%. The experimental results shows
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that an unbalanced local load has no inﬂuence on the voltage controller performance and
the voltages remain well balanced. However, this is not true for grid output currents.
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Figure 4.13: Grid-connected mode with an unbalanced local load: (a) local load voltages,
(b) inverter (upper) and grid output currents (lower) and (c) local load voltage uA and
grid current iA spectra
4.8.8 Transient response (grid-connected mode without load)
A step change in the grid output current I∗d reference from 2A (1.41A RMS) to 3A
(2.12A RMS) was applied (while keeping I∗q = 0). The output voltage uA, its tracking
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reference uref and voltage tracking error eu are shown in Figure 4.14 (a) and the current
iA, its tracking reference iref and the current tracking error ei are shown in Figure 4.14
(b). The transient response to current change of the H∞ repetitive controller takes
about 5 cycles, which reﬂects the inherited property of the proposed repetitive control
and the trade-oﬀ between the low current THD and the system stability.
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Figure 4.14: Transient response in the grid-connected mode without local load to 1A
step change in I∗d : (a) local load voltage uA, its reference uref and voltage tracking error
eu, (b) grid output current iA, its reference iref and current tracking error ei
4.8.9 Responses to grid frequency variations
The above experiments were carried out with the frequency adaptive mechanism acti-
vated. In order to see the improvement of the frequency adaptive mechanism, several
more experiments were carried out for diﬀerent grid frequencies. As can be seen from
Figures 4.15 (grid frequencies 49.85, 49.90 and 49.95Hz) and 4.16 (grid frequencies
50.05, 50.10 and 50.15Hz), the H∞ repetitive controller without the frequency adaptive
mechanism encountered problems in the voltage tracking performance. A phase shift
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between voltage output uA (red) and the reference voltage uref (blue) can be clearly
seen and consequently an increased steady state error is recorded. Since the controller
was tuned for the 50.00Hz grid frequency, the generated voltage uA is leading the refer-
ence voltage when the grid frequency is below 50.00Hz (Figure 4.15) and the generated
voltage uA is lagging the reference voltage when the grid frequency is above 50.00Hz
(Figure 4.16). When the frequency adaptive mechanism was activated, the tracking
error was almost kept constant. In Figure 4.17 the experiment was taken at 50.00Hz
of the grid frequency and tracking error in both cases, with (a) and without (b) the
frequency adaptive mechanism activated, are comparable. As this experiment fully de-
pends on the change of the public grid frequency in reality, the experiments were carried
out only for above grid frequencies.
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Figure 4.17: Responses to grid frequency variations (f = 50.00Hz) with (a) and without
(b) the frequency adaptive mechanism (local load voltage uA, its reference voltage uref
and tracking error eu)
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(a) f = 49.85Hz : with (left) and without (right) the frequency adaptive mechanism
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(b) f = 49.90Hz : with (left) and without (right) the frequency adaptive mechanism
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(c) f = 49.95Hz : with (left) and without (right) the frequency adaptive mechanism
Figure 4.15: Responses to grid frequency variations with (left) and without (right) the
frequency adaptive mechanism: (a) f = 49.85Hz, (b) f = 49.90Hz and (c) f = 49.95Hz
(local load voltage uA, its reference voltage uref and tracking error eu)
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(a) f = 50.05Hz : with (left) and without (right) the frequency adaptive mechanism
         
−30
−15
0
15
30
V
ol
ta
ge
 [V
]
 
 
u
ref uA
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08−4
−2
0
2
4
Time [s]
Er
ro
r [
V]
 
 
e
u
         
−30
−15
0
15
30
V
ol
ta
ge
 [V
]
 
 
u
ref uA
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08−4
−2
0
2
4
Time [s]
Er
ro
r [
V]
 
 
e
u
(b) f = 50.10Hz : with (left) and without (right) the frequency adaptive mechanism
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(c) f = 50.15Hz : with (left) and without (right) the frequency adaptive mechanism
Figure 4.16: Responses to grid frequency variations with (left) and without (right) the
frequency adaptive mechanism: (a) f = 50.05Hz, (b) f = 50.10Hz and (c) f = 50.15Hz
(local load voltage uA, its reference voltage uref and tracking error eu)
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4.9 Conclusions
The H∞ repetitive control strategy has been re-considered for the voltage control of
the grid and microgrid connected inverters, focusing on reducing the complexity of the
voltage controller and improving the control performance. The current feedback used
in previous works has been removed and the voltage controller only adopts the output
voltage as feedback. Moreover, a frequency adaptive mechanism has been introduced to
cope with grid-frequency variations. The designed controller has been put into action.
The experimental results have shown that the H∞ repetitive controller oﬀers excellent
performance in the stand-alone mode in terms of waveform quality and current THD,
even in the case of non-linear loads connected to the system. However, in grid connected
mode the power quality of the grid output current of the controller is well above require-
ments and there is no particular advantage of using the voltage-controlled scheme in the
grid-connected mode. To overcome this problem a cascaded current-voltage controller
is proposed in Chapter 7.
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Chapter 5
H∞ repetitive current controller
In this chapter, a current controller is proposed for grid-connected inverters based on
H∞ and repetitive control techniques. The H∞ repetitive voltage control strategy
proposed in Chapter 4 is replaced with a current repetitive controller. As a result,
the power quality and tracking performance are considerably improved. A simple and
eﬀective mechanism for the inverter to quickly synchronise with the grid is also proposed.
The designed controller is put into action and the experiment achieves a current THD
of less than 1%.
5.1 Description of the control scheme
The proposed control system, as shown in Figure 5.1, adopts an individual controller
for each phase in abc frame and the system is equipped with a neutral point controller
proposed in [54]. It has a current loop, including a repetitive controller so that the
current injected into the grid could track the reference current iref , which is generated
from the d, q-current references I∗d and I
∗
q using the dq → abc transformation. The PLL
is used to provide the phase information of the grid voltage, which is needed to generate
iref . The real power and reactive power exchanged with the grid are determined by
I∗d and I
∗
q . As the inverter is powered by a constant DC power source, no controller
is needed to regulate the DC-link voltage (otherwise, a controller can be introduced to
regulate the DC-link voltage and to generate I∗d accordingly).
When the references I∗d and I
∗
q are all equal to 0, the generated voltage should be
equal to the grid voltage, i.e., the inverter should be synchronised with the grid and the
circuit breaker could be closed at any time if needed. In order to achieve this, the grid
voltages (uga, ugb and ugc) are feed-forwarded and added to the output of the repetitive
current controller via a phase-lead low-pass ﬁlter
F (s) =
33(0.05s+ 1)
(s+ 300)(0.002s+ 1)
,
which has a gain slightly higher than 1 and a phase lead at the fundamental frequency.
It is introduced to compensate the phase shift and gain attenuation caused by the
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Figure 5.1: The block diagram of a current-controlled VSI with the H∞ repetitive
current controller in the natural frame
computational delay, PWM modulation, the inverter bridge and the LC ﬁlter. It also
attenuates the harmonics in the feed-forwarded grid voltages and it improves the dy-
namics during grid voltage ﬂuctuations [56]. Such a structure is capable of coping with
an unbalanced utility grid voltages and voltage sags within the range given by the na-
ture and waveform quality requirements, with the current controller acting as current
protection. The above ﬁlter could be designed analytically but here it is chosen via
trial-and-errors according to the principles just mentioned. Moreover, it does not aﬀect
the independence of each phase. Once the circuit breaker is closed, there should be
no current ﬂowing to the grid until the current references are changed to be non-zero.
When the inverter generates power, the repetitive current controller makes appropriate
contributions on top of the feed-forwarded grid voltages.
5.2 Design of the repetitive current controller
In this section, the current controller is designed based on the H∞ and repetitive control
techniques. The main objective of the H∞ repetitive current controller is to inject a
clean and balanced current to the grid in the presence of grid voltage distortion. The
block diagram of the H∞ repetitive current control scheme is quite similar to the one
used in the case of the voltage controller and is shown in Figure 5.2, where P is the
transfer function of the plant, C is the stabilising compensator to be designed and M is
the transfer function of the internal model. The internal model M is implemented with
the frequency adaptive mechanism proposed in Chapter 4. The external signal w, in
case of current controller design, contains the grid voltage ug and the current reference
iref . Both are assumed to be periodic with a fundamental frequency of 50Hz.
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Figure 5.2: The block diagram of the H∞ repetitive current control scheme
5.3 State-space model of the plant P
The considered plant consists of the inverter bridge, an LC ﬁlter (Lf and Cf ) and a
grid interface inductor Lg; see the single-phase diagram of the system shown in Figure
5.3. The PWM block together with the inverter bridge are modelled, as in the case
of the voltage controller, by using an average voltage approach with the limits of the
available DC-link voltage [14], so that the fundamental component of uf is equal to
u′ = u+u′g. The feed-forwarded grid voltage u
′
g actually provides a base output voltage
and the same voltage appears on both sides of the LCL ﬁlter. It does not aﬀect the
controller design and could be ignored during the design process. The only contribution
that needs to be considered during the design process is the output u of the repetitive
current controller; see Figures 5.1 and 5.2. The parameters of the plant are shown in
the Table 4.1.
PWM 
ic Rf Lf Rg 
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grid 
Cf 
ug 
filter inductor grid interface inductor 
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Lg i1 i2 
Sc 
+ - VDC 
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Figure 5.3: Single phase representation of the plant P
The currents of the two inductors and the voltage of the capacitor are chosen as
state variables x =
[
i1 i2 uc
]T
. The external input is w =
[
ug iref
]T
and the
control input is u. The output signal from the plant P is the tracking error e = iref−i2,
i.e., the diﬀerence between the current reference and the current injected into the grid.
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The plant P can then be described by the state equation
x˙ = Ax+B1w +B2u (5.1)
and the output equation
y = e = C1x+D1w +D2u (5.2)
with
A =

−Rf+RdLf
Rd
Lf
− 1Lf
Rd
Lg
−Rg+RdLg 1Lg
1
Cf
− 1Cf 0
 ,
B1 =

1
Lf
0
− 1Lg 0
0 0
 , B2 =

1
Lf
0
0
 ,
C1 =
[
0 −1 0
]
,
D1 =
[
0 1
]
, D2 = 0.
The corresponding plant transfer function is then
P =
[
D1 D2
]
+ C1(sI −A)−1
[
B1 B2
]
. (5.3)
In the sequel, the following notation is used for transfer functions:
P =
[
A B1 B2
C1 D1 D2
]
. (5.4)
5.4 Formulation of the standard H∞ problem
In order to guarantee the stability of the system, an H∞ control problem, as shown
in Figure 5.4, is formulated to minimise the H∞ norm of the transfer function T z˜w˜ =
F l(P˜ , C) from w˜ = [ v w ]T to z˜ = [ z1 z2 ]T , after opening the local positive
feedback loop of the internal model and introducing weighting parameters ξ and µ. The
closed-loop system can be represented as[
z˜
y˜
]
= P˜
[
w˜
u
]
,
u = Cy˜,
(5.5)
where P˜ is the extended plant and C is the controller to be designed. The extended plant
P˜ consists of the original plant P together with the low-pass ﬁlter W and weighting
parameters ξ and µ. The additional parameters ξ and µ are added to provide more
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Figure 5.4: Formulation of the H∞control problem
freedom in design and to minimise γ01−γ , while keeping γ < 1.
The processing delayWd, included in the case of the voltage controller design (Chap-
ter 4), has not been used in the current controller design as it increases the controller
complexity and at the same time the experimental comparison shows no particular
beneﬁts. This is because the grid voltages are feed-forwarded with processing delay
compensation and contribution of the current controllers on top of the feed-forwarded
grid voltages can be neglected.
Assume that W is realised as
W =
[
Aw Bw
Cw 0
]
=
[
−ωc ωc
1 0
]
. (5.6)
From Figure 5.4, the following equations can be obtained:
y˜ = e+ ξv = ξv +
[
A B1 B2
C1 D1 D2
][
w
u
]
=
[
A 0 B1 B2
C1 ξ D1 D2
] vw
u
 , (5.7)
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z1 = W (e+ ξv)
=
[
Aw Bw
Cw 0
][
A 0 B1 B2
C1 ξ D1 D2
] vw
u

=
 A 0 0 B1 B2BwC1 Aw Bwξ BwD1 BwD2
0 Cw 0 0 0

 vw
u
 , (5.8)
z2 = µu. (5.9)
Combining equations (5.7), (5.8) and (5.9), the realisation of the extended plant is
then obtained as
P˜ =

A 0 0 B1 B2
BwC1 Aw Bwξ BwD1 BwD2
0 Cw 0 0 0
0 0 0 0 µ
C1 0 ξ D1 D2
 . (5.10)
The stabilising controller C can be calculated using the results on H∞ controller design
[85] for the extended plant P˜ .
5.5 Evaluation of the system stability
According to [14, 113], the closed-loop system in Figure 5.2 is exponentially stable if
the closed-loop system from Figure 5.4 is stable and its transfer function from a to
b, denoted Tba, satisﬁes ‖Tba‖∞ < 1. Assume that the state-space realisation of the
controller is
C =
[
Ac Bc
Cc Dc
]
. (5.11)
Note that the controller obtained from the H∞ design is always strictly proper (5.14).
However, after controller reduction, the reduced controller may not be necessarily proper
(5.15). The realisation of the transfer function from a to b, assuming that w = 0 and
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noting that D2 = 0, can be found as follows:
Tba =
(
1−
[
A B2
C1 D2
]
C
)−1
W
=
(
1−
[
A B2
C1 0
][
Ac Bc
Cc Dc
])−1 [
Aw Bw
Cw 0
]
=

A+B2DcC1 B2Cc B2DcCw 0
BcC1 Ac BcCw 0
0 0 Aw Bw
C1 0 Cw 0
 .
(5.12)
Once the controller C is obtained, the stability of the system can be veriﬁed by
checking ‖Tba‖∞. The realisation of the transfer function from w to e, assuming that
v = 0, can be found as follows:
Tew = (1− P2C)−1 P1
=
(
1−
[
A B2
C1 0
][
Ac Bc
Cc Dc
])−1 [
A B1
C1 D1
]
=
 A+B2DcC1 B2Cc B1 +B2DcD1BcC1 Ac BcD1
C1 0 D1
 .
(5.13)
5.6 H∞ controller design
The parameters of the plant are given in Table 4.1. The low-pass ﬁlter W is chosen
as W =
[
−2550 2550
1 0
]
for f = 50Hz. The weighting parameters are chosen to be
ξ = 44 and µ = 0.26. Using the MATLAB hinfsyn algorithm, the H∞ controller C
which nearly minimises the H∞ norm of the transfer matrix from w˜ to z˜ is obtained as
C(s) =
604785473.5899(s+ 300)(s2 + 9189s+ 4.04e008)
(s+ 3.41e008)(s+ 2550)(s2 + 1.236e004s+ 3.998e008)
. (5.14)
The factor s+ 3.41× 108 in the denominator can be approximated by the constant
3.41×108 without causing any noticeable performance change [113]. The poles and zeros
that are close to each other can be cancelled as well. The resulting reduced controller
is
C(s) =
1.7736(s+ 300)
s+ 2550
. (5.15)
The Bode plots of the original and reduced controllers in the continuous time domain
are shown in Figure 5.5 for comparison. There is little diﬀerence at low frequencies. The
Bode plots in the discrete time domain are almost identical, for the sampling frequency
of 5kHz used for implementation.
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The resulting ‖Tba‖∞ is 0.4634 in case of reduced compensator and ‖Tba‖∞ = 0.2265
in case of original. Hence, the closed-loop system is stable. The realisation of the
transfer function from w to e is ‖Tew‖∞ = 1.4434 and ‖Tew‖∞ = 1.0014 respectively.
Using MATLAB c2d (ZOH) algorithm, the discretised controller can be obtained as
C(z) =
1.7736(z − 0.953)
z − 0.6005 . (5.16)
This was implemented in the inverter, for which experiments were carried out.
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Figure 5.5: Bode plots of the original and reduced controllers
5.7 Experimental validation
5.7.1 Synchronisation process
As explained before, grid voltages (uga, ugb and ugc) are feed-forwarded through a
phase-lead low-pass ﬁlter and added to the control signal for the inverter to synchronise
with the grid. Figure 5.6 (a) shows the grid and inverter output voltages, respectively,
while Figure 5.6 (b) shows the voltage drop on the circuit breaker and the grid interface
inductor before and after the synchronisation. The inverter synchronisation process was
started at t = 0 second and, immediately, it is synchronised and ready to be connected
to the grid.
5.7.2 Experimental results
In order to demonstrate the excellent performance of the H∞ repetitive current con-
troller, the experimental results are part of Chapter 6, where the proposed controller is
compared with the traditional current controllers.
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Figure 5.6: Start-up and synchronisation
5.8 Conclusions
H∞ current repetitive controller has been designed, implemented and put into action.
The experimental result (Chapter 6) shows that the proposed controller oﬀers signiﬁ-
cant improvement in waveform quality and harmonic distortion. The repetitive current
control leads to very low harmonic distortion of the output current, even in presence of
nonlinear loads. The main drawbacks are slow dynamics and quite complex calculation
and design.
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Chapter 6
Comparison of diﬀerent current
control strategies
In this chapter, the current controller based on H∞ and repetitive control techniques
proposed in Chapter 5, is compared with the traditional PR, PI and DB controllers
with the main focus on harmonics distortion and tracking performance. The controllers
are designed and implemented according to [56] in the natural frame, shown in Figure
6.1. The system description corresponds to one presented in Section 5.1.
The following sections consist of a brief description of the controllers design, followed
by experimental comparison. The control strategies are evaluated in the grid-connected
mode, in ﬁve diﬀerent situations: steady state and transient response without local load,
and steady state responses with resistive, non-linear and unbalanced resistive local load
connected to the system.
6.1 Proportional-resonant controller
The PR controller is usually implemented in the stationary reference (α, β) frame and
is popular due to its capability of eliminating the steady state error, while regulating
sinusoidal signals, and the possible extension to compensate multiple harmonics. In this
section, the PR controller is designed and implemented in abc frame, after establishing
the model of the plant. Since the PR controller is already deﬁned in a stationary
reference frame (2.8), its transfer to a natural frame is a straight solution. According
to [56], the controller matrix in abc frame is given as
CPRabc(s) =
 Kp +Ki
s
s2+ω2
0 0
0 Kp +Ki ss2+ω2 0
0 0 Kp +Ki ss2+ω2
 . (6.1)
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Figure 6.2: Single phase representation of the plant
6.1.1 Model of the plant
In order to get the required response, the designed PR controller should be tuned in
relation to the plant to be controlled. The model of the plant can be derived using the
single phase diagram of the system shown in Figure 6.2.
Following Kirchhoﬀ's Current Law (KCL), the relation for currents ﬂowing through
the ﬁlter is given by
i1 − i2 − ic = 0, (6.2)
and using Kirchhoﬀ's Voltage Law (KVL), the voltages can be described by
uf = i1 (Rf + sLf ) + ic
(
1
Cf
+Rd
)
(6.3)
ug = −i2 (Rg + sLg) + ic
(
1
Cf
+Rd
)
, (6.4)
where s denotes the Laplace operator. Re-writing (6.2)-(6.4) in terms of impedances,
the voltages can be derived as
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Figure 6.3: Root locus of the closed loop system
[
uf
ug
]
=
[
z11 z12
z21 z22
][
i1
i2
]
, (6.5)
where
z11 = Rf + sLf +Rd + 1sCf , z12 = Rd +
1
sCf
,
z21 = Rd + 1sCf , z22 = Rg + sLg +Rd +
1
sCf
.
The transfer function between the grid output current i2 and the inverter voltage
uf is
HP (s) =
i2
uf
=
z21
z11z22 − z12z21
=
sCfRd + 1
s3CfLfLg + s2Cf (LfRg +RfLg + LgRd + LfRd) + sCf (RfRg +RdRg +RfRd + Lf + Lg) +Rf +Rg
(6.6)
6.1.2 Design of the proportional-resonant controller
The PR controller is designed using the root locus approach. The closed-loop system
transfer function in discrete form is given by
GCL(z) =
CPR(z)HP (z)HD(z)
1 + CPR(z)HP (z)HD(z)
, (6.7)
where CPR(z) andHP (z) are the controller and the plant transfer functions respectively.
The transfer functions (2.8) and (6.6) are discretised using c2d MATLAB function. The
processing delay of the PWM inverter is represented by HD(z) [61].
The root locus of the closed-loop system is shown in Figure 6.3. The proportional
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Figure 6.4: Bode plots of the open-loop system for diﬀerent Ki
gain Kp = 1.12 is chosen to obtain a damping ratio of ξ = 0.707. Figure 6.4 shows
the Bode plots of the open-loop system for diﬀerent integral gain Ki. The integral
gain is chosen as Ki = 200. Since it has a very high gain at the resonant frequency,
this controller has a very good capability in reducing the steady-state error. Resulting
controller in discrete form can be obtained as
CPR(z) =
1.12z2 − 2.196z + 1.08
z2 − 1.996z + 1 . (6.8)
The controller (6.8) is implemented independently for each phase according to (6.1).
No further harmonics compensation is added to the controller.
6.2 Proportional-integral controller
A PI controller is normally associated with the synchronous reference frame control or
dq control. In this section a PI current controller is designed and implemented in abc
frame.
6.2.1 Design of the proportional-integral controller
As shown in [58, 59], the PI controller implemented in dq frame is the equivalent of the
PR controller implemented in αβ frame. Using the same transformation techniques, the
equivalent of the PI controller in the abc frame has been derived in [37] as
CPIabc(s) =

Kp +Ki ss2+ω2 −
Kp
2 − Kis+
√
3Kiω
2(s2+ω2)
−Kp2 − Kis−
√
3Kiω
2(s2+ω2)
−Kp2 − Kis−
√
3Kiω
2(s2+ω2)
Kp +Ki ss2+ω2 −
Kp
2 − Kis+
√
3Kiω
2(s2+ω2)
−Kp2 − Kis+
√
3Kiω
2(s2+ω2)
−Kp2 − Kis−
√
3Kiω
2(s2+ω2)
Kp +Ki ss2+ω2
 (6.9)
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According to [25, 58, 59], the controller gains are not changing, when the controller
is transformed between diﬀerent reference frames. Thus, the proportional gain Kp and
the integral gain Ki derived in previous Section 6.1 are used again. As can be seen
from (6.9), the controller matrix is due to the oﬀ-diagonals terms and due to the cross-
coupling terms between the phases quite complex. In order to implement this controller,
each matrix term (note, there are only three diﬀerent terms in the controller matrix) is
discretised using c2d MATLAB function.
6.3 Deadbeat controller
Due to the fast development of digital devices such as DSP or microcontrollers, the
implementation of nonlinear controllers for grid-connected applications has become very
popular. In this section a DB current controller is designed and implemented.
 
Rf+Rg 
ug 
i 
ui 
Lf+Lg 
Figure 6.5: Single phase representation used to derive DB controller equation
6.3.1 Design of the DB controller
According to [56, 69], a model of the plant in the case of the DB controller, can be
simpliﬁed to only inductive components as shown in Figure 6.5. The controller equation
can be derived using KVL. In this case, the equation for the output current i can be
expressed as
di(t)
dt
= −(Rf +Rg)
(Lf + Lg)
i(t) +
1
(Lf + Lg)
(ui(t)− ug(t)). (6.10)
For the discrete implementation, the current dynamics can be represented as
i ((k + 1)Ts) = ai(kTs) + b (ui(kTs)− ug(kTs)) (6.11)
or in simpliﬁed form as
i(k + 1) = ai(k) + bui(k)− bug(k), (6.12)
where
a = e
−( (Rf+Rg)
(Lf+Lg)
)Ts
, (6.13)
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b = − 1
Rf +Rg
(e
−( (Rf+Rg)
(Lf+Lg)
)Ts − 1). (6.14)
Due to one step computation delay, the current can be made to reach its reference in a
minimum of two steps. Hence, by incrementing (6.12) by one step
i(k + 2) = ai(k + 1) + bui(k + 1)− bug(k + 1), (6.15)
and substituting (6.12) into (6.15), the output current at step (k + 2) is obtained as
i(k + 2) = a(ai(k) + bui(k)− bug(k)) + bui(k + 1)− bug(k + 1). (6.16)
By rearranging (6.16), the required inverter command voltage is
ui(k + 1) =
1
b
i(k + 2)− a
2
b
i(k)− aui(k) + aug(k) + ug(k + 1). (6.17)
It can be seen from (6.17), that the calculation of the voltage command in step (k+ 1)
requires the knowledge of the output current i(k+2) and the grid voltage ug(k+1). For
current control, the output current i(k + 2) is considered (predicted) as the reference
current iref (k + 2) and can be estimated via linear extrapolation [67] as
iref (k + 2) = 4iref (k − 1)− 3iref (k − 2). (6.18)
Similar to (6.18), grid voltage can be obtained as
ug(k + 1) = 2ug(k)− ug(k − 1). (6.19)
Accordingly, the control algorithm can be implemented as
ui(k + 1) = 1b (4iref (k − 1)− 3iref (k − 2))− ab 2i(k)
−aui(k) + (2 + a)ug(k)− ug(k − 1).
(6.20)
6.4 Experimental results
The control strategies are evaluated in a grid-connected mode, in ﬁve diﬀerent situations:
steady state and transient responses without local load, and steady state responses with
resistive, non-linear and unbalanced resistive local loads connected to the system. As
the evaluation is made with constant local loads, the output current to the grid is
used as feedback in all experiments and the local load voltage is maintained using feed-
forwarded grid voltage (open-loop control); see Figure 6.1. Such an arrangement allows
a non-linear load to be connected to the system.
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6.4.1 Without load (grid-connected mode)
In the steady state, the current reference I∗d was set at 3A. The reactive power was
set at 0VAR (I∗q = 0). This corresponds to the unity power factor. Since there is no
local load included in the experiment, all generated active power was injected into the
grid via a step-up transformer. The output current iA, reference current iref and the
corresponding current tracking error ei in the steady state with the diﬀerent controllers
are shown in Figure 6.6. The Table 6.1 shows the recorded THD and Figure 6.7 shows
the harmonic spectra of the grid output current for diﬀerent controllers. The H∞
repetitive controller shows very good harmonics rejection and tracking performance. It
is worth mentioning that the quality of the output current is better than that of the
grid voltage.
Controller Current iA THD [%] Grid voltage vgA THD [%]
H∞ repetitive 1.03 1.57
PR 3.84 1.45
PI 4.38 1.52
DB 3.65 1.61
Table 6.1: Current spectra comparison in the grid-connected mode without local load
6.4.2 With a resistive load (grid-connected mode)
In this experiment a balanced resistive local load was connected to the system (RA =
RB = RC = 12Ω). The grid output current reference I∗d was set at 2A (after connecting
the inverter to the grid). The reactive power was set at 0VAR (I∗q = 0). The output
current iA, reference current iref and the corresponding current tracking error ei in
the steady state with the diﬀerent controllers are shown in Figure 6.8. The Table 6.2
shows the recorded THD and Figure 6.9 shows the harmonic spectra of the grid output
current.
In this experiment the PI controller demonstrates slight improvements in its tracking
performance and power quality as a balanced resistive local load is connected to the
system. The performance of the other three controllers remain satisfactory and more or
less unchanged with respect to the previous experiment without local load. The current
THD is slightly higher as the total amount of the current injected to grid is lower (THD
of the current controllers are usually improved with increasing power ﬂow).
6.4.3 With an unbalanced load (grid-connected load)
In this experiment an unbalanced resistive local load was connected to the system
(RA = 12Ω, RB = ∞ and RC = 12Ω). The grid output current reference I∗d was
set at 2A (after connecting the inverter to the grid). The reactive power was set at
0VAR (I∗q = 0). The output current iA, reference current iref and the corresponding
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Figure 6.6: Diﬀerent current control strategies comparison in the grid-connected mode
without local load: (a) H∞ repetitive controller, (b) PR controller, (c) PI controller
and (d) DB controller
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Figure 6.7: Current spectra comparison in the grid-connected mode without local load:
(a) H∞ repetitive controller, (b) PR controller, (c) PI controller and (d) DB controller
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Figure 6.8: Diﬀerent current control strategies comparison in the grid-connected mode
with a resistive local load: (a) H∞ repetitive controller, (b) PR controller, (c) PI
controller and (d) DB controller
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Figure 6.9: Current spectra comparison in the grid-connected mode with a resistive
local load: (a) H∞ repetitive controller, (b) PR controller, (c) PI controller and (d) DB
controller
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Controller Current iA THD [%] Grid Voltage vgA THD [%]
H∞ Repetitive 1.53 1.63
PR 5.79 1.41
PI 4.93 1.41
DB 5.8 1.59
Table 6.2: Current spectra comparison in the grid-connected mode with a resistive local
load
current tracking error ei in the steady state with the diﬀerent controllers are shown in
the Figure 6.10. The Table 6.3 shows the recorded THD and Figure 6.11 shows the
corresponding harmonic spectra of the grid output currents. In this experiment the
PI controller demonstrates diﬃculty in coping with an unbalanced local load and as
a consequence, the tracking error is increased. The tracking performance of the other
three controllers remain satisfactory.
Controller Current iA THD [%] Grid Voltage vgA THD [%]
H∞ Repetitive 1.55 1.59
PR 5.39 1.45
PI 5.03 1.48
DB 5.54 1.52
Table 6.3: Current spectra comparison in the grid-connected mode with an unbalanced
local load
6.4.4 With a non-linear load (grid-connected mode)
In this experiment a non-linear load (a three-phase uncontrolled rectiﬁer loaded with
an LC ﬁlter L = 150µH, C = 1000µF and a resistor R = 20Ω) was connected to
the system. The grid output current reference I∗d was set at 2A (after connecting the
inverter to the grid). The reactive power was set at 0VAR (I∗q = 0). The output current
iA, reference current iref and the corresponding current tracking error ei in the steady
state with the diﬀerent controllers are shown in the Figure 6.12 and Figure 6.13 shows
their harmonic spectra. The corresponding recorded THD are shown in Table 6.4. In
this experiment with a non-linear local load, the H∞ repetitive controller signiﬁcantly
outperformed the other three controllers, as the corresponding THD is approximately
one third of the others and the tracking error ei remains almost unchanged with respect
to previous experiments.
6.4.5 Transient response (grid-connected mode)
In order to compare their transient performance, a step change in the current reference
I∗d from 2A to 3A was applied (while keeping I
∗
q = 0). As there is no local load connected
to the system in this experiment, all generated active power was injected into the grid
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Figure 6.10: Diﬀerent current control strategies comparison in the grid-connected mode
with an unbalanced local load: (a) H∞ repetitive controller, (b) PR controller, (c) PI
controller and (d) DB controller
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Figure 6.11: Current spectra comparison in the grid-connected mode with an unbalanced
local load: (a) H∞ repetitive controller, (b) PR controller, (c) PI controller and (d) DB
controller
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Figure 6.12: Diﬀerent current control strategies comparison in the grid-connected mode
with a non-linear local load: (a) H∞ repetitive controller, (b) PR controller, (c) PI
controller and (d) DB controller
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Figure 6.13: Current spectra comparison in the grid-connected mode with a non-linear
local load: (a) H∞ repetitive controller, (b) PR controller, (c) PI controller and (d) DB
controller
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Controller Current iA THD [%] Grid voltage vgA THD [%]
H∞ repetitive 5.27 1.60
PR 16.71 1.47
PI 16.02 1.41
DB 16.54 1.49
Table 6.4: Current spectra comparison in the grid-connected mode with a non-linear
local load
via a step-up transformer. The transient response of the output current iA, reference
current iref and the corresponding current tracking error ei are shown in Figure 6.14
for the diﬀerent controllers adopted. The experimental results indicate that the DB
controller shows the fastest dynamics. The H∞ repetitive controller is the slowest in
comparison to the other controllers. It took about 5 cycles to settle down. This reﬂects
the inherent property of the repetitive control, which is the price paid for the low THD
in the currents.
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Figure 6.14: Transient responses comparison in the grid-connected mode without local
load: (a) H∞ repetitive controller, (b) PR controller, (c) PI controller and (d) DB
controller
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6.5 Conclusion
TheH∞ repetitive control strategy has been applied to the design of a current controller
for a grid-connected VSI. The proposed controller is compared with the traditional PR,
PI and DB controllers, all implemented in the natural frame with the main focus on
harmonics distortion and tracking performance. The H∞ repetitive controller oﬀers
signiﬁcant improvement over the conventional PI, PR and DB controllers and leads to
very low THD for the output current even in the presence of nonlinear loads and/or
grid voltage distortion. The price paid for this is its relatively slow dynamics and the
slightly more complex calculation and design.
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Chapter 7
H∞ repetitive cascaded
current-voltage controller
According to industrial regulations, the harmonic distortion of the microgrid voltage
and the current ﬂowing into/from the grid need to be maintained low. It has been
shown that it is not a problem to obtain low THD in either the microgrid voltage
(Chapter 4) or in the current ﬂowing to the grid (Chapter 5). However, it has been
a challenge to obtain low THD in both the voltage and the current simultaneously.
In this chapter, the advantages of voltage and current controllers based on H∞ and
repetitive control techniques, proposed in Chapters 4 and 5 respectively, are brought
forward for consideration in microgrid applications and experimentally tested. The
proposed control strategy is not a simple combination of the two control strategies
but a complete re-design after realising that the inverter LCL ﬁlter can be split into
two separate parts for the design of the controllers. The LC part can be used for the
voltage controller design and the grid inductor used for the current controller design.
The voltage controller is responsible for the power quality of the local load voltage
(microgrid voltage), power distribution within the microgrid and synchronisation with
the grid. The current controller is responsible for the power exchanged between grid and
microgrid, power quality of the grid output/input current, and over-current protection.
The proposed control strategy is able to maintain low THD in both the microgrid voltage
and the current ﬂowing to the grid at the same time. When the microgrid is connected
to the grid, both controllers are active; when the microgrid is not connected to the
grid, the current controller is working under the zero current reference. Hence, no extra
eﬀort is needed when changing the operation mode of the microgrid, which considerably
facilitates the smooth operation of grid-connected inverters [114]. The processing delay
Wd, used in the case of the voltage controller design in Chapter 4, has been omitted
here, following overall complexity of the proposed structure. As a consequence, it turns
out that the controller can be reduced to a proportional gain cascaded with the internal
model (in a re-arranged form), which can be easily implemented in real applications.
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Figure 7.1: The block diagram of a VSI with the cascadedH∞ repetitive current-voltage
controller in the natural frame (abc)
7.1 Description of the control scheme
The proposed control structure, as shown in Figure 7.1, adopts individual controllers
for each phase in the natural frame. The system is implemented with a neutral point
controller proposed in [54]. The individual controller consists of two loops: an inner
voltage loop using the H∞ repetitive voltage controller to track the reference voltage
uref and an outer current loop using the H
∞ repetitive current controller to regulate
the power exchanged with the grid.
The main functions of the voltage controller are: to deal with power quality issues
within the microgrid even under unbalanced and/or nonlinear local loads, to generate
and dispatch power within the microgrid and to synchronise the microgrid with the
grid. When the microgrid is synchronised and connected with the grid, the voltage and
the frequency are determined by the grid.
The main objective of the inner H∞ repetitive current controller is to exchange a
clean current with the grid even in the presence of grid voltage distortion, or with an
unbalanced and/or nonlinear local loads connected to the microgrids. Moreover, the
current controller can be used for over-current protection in case of unbalanced grid
voltages. A PLL is used to provide the phase information of the grid voltage, which
is needed to generate the current reference iref . The real power and reactive power
references are determined by I∗d and I
∗
q . As the proposed control structure described
here uses just one inverter connected to the system and the inverter is assumed to be
powered by a constant DC power source, no controller is needed to regulate the DC-
link voltage (otherwise, a controller can be introduced to regulate the DC-link voltage
and to generate I∗d). The proposed control approach can be used for multiple inverters
connected to the same microgrid as long as the current references I∗d and I
∗
q are generated
by some load sharing methods [6, 7, 9, 11, 12, 16, 17].
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The grid voltages (uga, ugb and ugc) are feed-forwarded and added to the output of
the current controller. This is used as a synchronisation mechanism. It does not aﬀect
the independence of each phase and simpliﬁes the design of the current controller as
will be shown later.
7.2 Design of the voltage controller
The voltage controller can be designed based on the H∞ and repetitive control tech-
niques proposed in Chapter 4. What is diﬀerent is that the control plant of the voltage
controller is no longer the whole LCL ﬁlter but just the LC ﬁlter.
The block diagram of the H∞ repetitive control scheme is shown in Figure 7.2,
where Pu is the transfer function of the plant (i.e. the LC ﬁlter here), Cu is the transfer
function of the stabilising compensator and Mu is the transfer function of the internal
model. The stabilising compensator Cu, designed by solving a weighted sensitivity H
∞
problem [112], assures the exponential stability of the system, which implies that the
tracking error eu between the voltage reference and the inverter output voltage will
converge to a small steady-state error [113]. The internal model Mu is a local positive
feedback of a delay line cascaded with a low-pass ﬁlter Wu(s). The external signal wu
consists of the grid output current i2 and the voltage reference uref , which are assumed
to be periodic with a fundamental frequency of 50Hz.
 
uref plant 
stabilizing
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eu 
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s
u
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internal model 
+ wu 
Pu 
Cu 
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Figure 7.2: The block diagram of the H∞ repetitive voltage control scheme
7.2.1 State-space model of the plant Pu
The corresponding (single phase) control plant consists of the inverter bridge and the
LC ﬁlter (Lf and Cf ), as shown in Figure 7.3. The ﬁlter inductor is modelled with a
series winding resistance. The PWM block together with the inverter are modelled by
using an average voltage approach with the limits of the available DC-link voltage [14]
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so that the average value of uf over a sampling period is equal to uu. As a result, the
PWM block and the inverter bridge can be ignored when designing the controller.
PWM 
ic Rf Lf 
 
uu 
Cf filter inductor 
uc 
i1 i2 
+ - VDC 
neutral 
uf 
Rd 
Inverter 
bridge 
uo 
 
Figure 7.3: Single-phase representation of the control plant Pu for the voltage controller
The inductor current i1 and the capacitor voltage uc are chosen as state variables
xu =
[
i1 uc
]T
. The external input wu =
[
i2 uref
]T
consists of the grid current
i2 and the reference voltage uref , and the control input is uu. The output signal from
the plant Pu is the tracking error eu = uref − u0, where u0 = uc + Rd(i1 − i2) is the
output voltage of the inverter, i.e. the microgrid voltage. The plant Pu can be described
by the state equation
x˙u = Auxu +Bu1wu +Bu2uu (7.1)
and the output equation
yu = eu = Cu1xu +Du1wu +Du2uu (7.2)
with
Au =
[
−Rf+RdLf − 1Lf
1
Cf
0
]
,
Bu1 =
[
Rd
Lf
0
− 1Cf 0
]
, Bu2 =
[
1
Lf
0
]
,
Cu1 =
[
−Rd −1
]
,
Du1 =
[
Rd 1
]
, Du2 = 0.
The corresponding plant transfer function is then
Pu =
[
Au Bu1 Bu2
Cu1 Du1 Du2
]
. (7.3)
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7.2.2 Formulation of the standard H∞ problem
In order to guarantee the stability of the inner voltage loop, an H∞ control problem as
shown in Figure 7.4 is formulated to minimise the H∞ norm of the transfer function
T z˜uw˜u = F l(P˜u, Cu) from w˜u = [ vu wu ]T to z˜u = [ zu1 zu2 ]T , after opening the
local positive feedback loop of the internal model and introducing weighting parameters
ξu and µu. The closed-loop system can be represented as[
z˜u
y˜u
]
= P˜u
[
w˜u
uu
]
,
uu = C ˜uyu,
(7.4)
where P˜u is the extended plant and Cu is the voltage controller to be designed. The
extended plant P˜u consists of the original plant Pu together with the low-pass ﬁlter
Wu =
[
Awu Bwu
Cwu Dwu
]
and weighting parameters ξu and µu. The additional parameters
ξu and µu are added to provide more freedom in design. It can be found out that the
extended plant P˜u is realised as
P˜u =

Au 0 0 Bu1 Bu2
BwuCu1 Awu Bwuξu BwuDu1 BwuDu2
DwuCu1 Cwu Dwuξu DwuDu1 DwuDu2
0 0 0 0 µu
Cu1 0 ξu Du1 Du2
 . (7.5)
The controller Cu can then be designed according to the generalised plant P˜u using the
H∞ control theory.
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Figure 7.5: The designed control system with the simpliﬁed controller
7.2.3 H∞ voltage controller design
The weighting function is chosen as Wu =
[
−2550 2550
1 0
]
for f = 50Hz and the
weighting parameters are chosen as ξu = 100 and µu = 1.82. For the parameters of
the plant given in Table 4.1, the H∞ controller Cu which nearly minimises the H∞
norm of the transfer matrix from w˜u to z˜u is obtained by using the MATLAB hinfsyn
algorithm as
Cu(s) =
773.6296(s2 + 6954s+ 3.026× 108)
(s+ 2550)(s2 + 7998s+ 3.044× 108) . (7.6)
The controller can be reduced to
C(s) =
773.6296
s+ 2550
= KpW (s) (7.7)
withKp = 773.62962550 without causing noticeable performance degradation, after cancelling
the poles and zeros which are close to each other. With this H∞ controller, the voltage
controller shown in Figure 7.2 is equivalent to a proportional gain cascaded with the
internal model (but in a rearranged form) shown in Figure 7.5. The Bode plots of the
original and reduced controllers in the continuous time domain are compared in Figure
7.6 with reduced voltage controller designed in Chapter 4.
7.3 Design of the current controller
When designing the current controller, it can be assumed that the inner voltage loop
tracks the reference voltage perfectly, that is u0 = uref . Hence, the control plant for
the current loop is simply the grid inductor, as shown in Figure 7.7. The block diagram
of the H∞ repetitive current control scheme and the formulation of the H∞ control
problem are similar to those in the case of the voltage control loop shown in Figures 7.2
and 7.4, respectively, but with a diﬀerent plant Pi and the subscript u replaced with i.
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Figure 7.6: Bode plots of the original and reduced controllers
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Figure 7.7: Single-phase representation of the control plant Pi for the current controller
7.3.1 State-space model of the plant Pi
Since it can be assumed that u0 = uref , there is u0 = ug + ui or ui = u0 − ug from
Figures 7.1 and 7.7, that is, ui is actually the voltage dropped on the grid inductor.
The feed-forwarded grid voltage ug provides a base output voltage for the inverter. The
same voltage ug appears on both sides of the grid interface inductor Lg and it does
not aﬀect the controller design. Hence, the feed-forwarded voltage path can be ignored
during the design process. The only contribution that needs to be considered during
the design process is the output ui of the repetitive current controller.
The current i2 of the grid interface inductor Lg is chosen as the state variable xi = i2.
The external input is wi = iref and the control input is ui. The output signal from
the plant Pi is the tracking error ei = iref − i2, i.e., the diﬀerence between the current
reference and the current injected into the grid. The plant Pi can then be described by
the state equation
x˙i = Aixi +Bi1wi +Bi2ui
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and the output equation
yi = ei = Ci1xi +Di1wi +Di2ui,
where
Ai = −RgLg , Bi1 = 0, Bi2 = 1Lg ,
Ci1 = −1 , Di1 = 1, Di2 = 0.
The corresponding transfer function of Pi is
Pi =
[
Ai Bi1 Bi2
Ci1 Di1 Di2
]
. (7.8)
7.3.2 Formulation of the standard H∞ problem
Similarly, a standard H∞ problem can be formulated as in the case of the voltage
controller shown in Figure 7.4, replacing the subscript u with i. The resulting generalised
plant can be obtained as
P˜i =

Ai 0 0 Bi1 Bi2
BwiCi1 Awi Bwiξi Bi1Di1 BwiDi2
DwiCi1 Cwi Dwiξi DwiDi1 DwiDi2
0 0 0 0 µi
Ci1 0 ξi Di1 Di2
 , (7.9)
with weighting parameters ξi and µi and low-pass ﬁlter Wi =
[
Awi Bwi
Cwi Dwi
]
.
The controller Ci can then be designed according to the generalised plant P˜i using
the H∞ control theory.
7.3.3 H∞ current controller design
The parameters of the plant are given in Table 4.1. The ﬁlter Wi is chosen as Wi =[
−2550 2550
1 0
]
. The weighting parameters are chosen to be ξi = 44 and µi = 1.8.
Using the MATLAB hinfsyn algorithm, the H∞ controller Ci which nearly minimises
the H∞ norm of the transfer matrix from w˜i to z˜i is obtained as
Ci(s) =
42336396.4315(s+ 300)
(s+ 1.031× 108)(s+ 2550) . (7.10)
The factor s + 1.031 × 108 in the denominator can be approximated by the constant
1.031 × 108 without causing any noticeable performance change [113]. The resulting
reduced controller is
Ci(s) =
0.4106(s+ 300)
(s+ 2550)
. (7.11)
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The Bode plots of the original and reduced controllers in the continuous time domain
are shown in Figure 5.5 for comparison. Using MATLAB c2d (ZOH) algorithm, the
discretised controller can be obtained as
C(z) =
0.4106(z − 0.9526)
z − 0.6005 . (7.12)
This was implemented in the inverter, for which experiments were carried out.
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Figure 7.8: Bode plots of the original and reduced controllers
7.4 Experimental results
The evaluation of the proposed control strategy was made in both stand-alone and grid-
connected modes. In the stand-alone mode, three experiments were carried out with
resistive, non-linear and unbalanced loads. In the grid-connected mode, the control
strategy was evaluated in the steady state in four situations: without local load and
with resistive, non-linear and unbalanced local loads. Moreover transient response to a
step change in the grid output current I∗d reference was carried out and ﬁnally seamless
transitions between stand-alone and grid-connected mode were evaluated.
In the stand-alone mode, the voltage reference was set to the grid voltage (the
inverter is synchronised and ready to be connected to the utility grid). The evaluation
of the proposed controller was made for a resistive load (RA = RB = RC = 12Ω), a
nonlinear load (a three-phase uncontrolled rectiﬁer loaded with an LC ﬁlter L = 150µH,
C = 1000µF and a resistor R = 20Ω) and an unbalanced load (RA = RC = 12Ω and
RB =∞).
In the grid-connected mode, the current reference of the grid output current I∗d was
set at 2A (1.41A RMS), after connecting the inverter to the grid. The reactive power
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was set at 0VAR (I∗q = 0). The resistive, non-linear and unbalanced loads used in the
stand-alone mode are used again.
THD results from previous Chapters (4 and 5) are added for comparison.
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Figure 7.9: Stand-alone mode with a resistive load: (a) local load voltage uA, its refer-
ence voltage uref and voltage tracking error eu, (b) local load current iA and (c) local
load voltage uA and current iA spectra
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7.4.1 With a resistive load (stand-alone mode)
The steady state response of the output voltage uA, its tracking reference uref and
voltage tracking error eu are shown in Figure 7.9 (a). The local load current iA is
shown in 7.9 (b). Figure 7.9 (c) shows the local load voltage and current harmonic
spectra, and Table 7.1 shows the recorded THD. As the utility grid voltage is used as
reference, it is worth mentioning that the quality of the local voltage in the case of
the proposed controller is better than that of the grid voltage. In comparison with the
voltage controller, the current-voltage controller (current controller is inactive in the
stand-alone mode) shows slightly higher distortion, however the reference voltage (grid
voltage vgA) experiences higher distortion as well.
Controller Voltage uA THD [%] Current iA THD [%] Grid Voltage vgA THD [%]
Current-Voltage 1.27 1.53 1.8
Voltage 1.05 1.06 1.29
Table 7.1: Current and voltage spectra comparison in the stand-alone mode with a
resistive local load
7.4.2 With a non-linear load (stand-alone mode)
The steady state response of the output voltage uA, its tracking reference uref and
corresponding voltage tracking error eu are shown in Figure 7.10 (a). The local load
current iA is shown in 7.10 (b). Figure 7.10 (c) shows the local load voltage and current
harmonic spectra, and Table 7.2 shows recorded THD. The experimental results indicate
a satisfactory performance of the voltage controller with a nonlinear loads.
Controller Voltage uA THD [%] Current iA THD [%] Grid Voltage vgA THD [%]
Current-Voltage 4.73 80.74 1.78
Voltage 3.34 75.68 1.33
Table 7.2: Current and voltage spectra comparison in the stand-alone mode with a
non-linear local load
7.4.3 With an unbalanced load (stand-alone mode)
The steady state response of the local load voltages and currents are shown in 7.11 (a).
Figure 7.11 (b) shows the harmonic spectra of the local load voltage uA and current
iA. The Table 7.3 shows the recorded THD. Since the proposed control structure takes
advantage of separate controllers for each phase, the unbalanced load has no inﬂuence
on the voltage controller performance and the microgrid voltages remain well balanced.
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Controller Voltage uA THD [%] Current iA THD [%] Grid Voltage vgA THD [%]
Current-Voltage 1.27 1.46 1.77
Voltage 1.18 1.17 1.25
Table 7.3: Current and voltage spectra comparison in the stand-alone mode with an
unbalanced local load
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Figure 7.10: Stand-alone mode with a non-linear load: (a) local load voltage uA, its
reference voltage uref and voltage tracking error eu, (b) local load current iA and (c)
local load voltage uA and current iA spectra
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Figure 7.11: Stand-alone mode with an unbalanced load: (a) local load voltage at the
PCC and local load currents, (b) local load voltage uA and current iA spectra
7.4.4 Without load (grid-connected mode)
The steady state response of the output voltage uA, its tracking reference uref and
voltage tracking error eu are shown in Figure 7.12 (a). Figure 7.12 (b) shows grid
current iA, its reference iref and corresponding tracking error ei. Figure 7.12 (c) shows
the harmonics spectra of the local load voltage and grid output current. Table 7.4
compares the recorded THD of diﬀerent controllers proposed in this work.
While the recorded local voltage distortion is quite similar for both proposed volt-
age schemes, the current-voltage controller clearly outperforms the voltage controller
(proposed in Chapter 4) in case of the grid current quality and tracking performance.
However, according to Table 7.4, the performances of the current controller proposed in
Chapter 5 is even better. As mentioned previously in Chapter 4, there is no particular
beneﬁt of using a voltage controller in the grid-connected mode, while there is no local
load connected to the system.
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(b) Grid output current iA, its reference iref and current tracking error ei
       
0
1
2
3
4
5
M
ag
ni
tu
de
 [%
]
 
 
THD of uA=0.99%
0 5 10 15 20 25 300
1
2
3
4
5
M
ag
ni
tu
de
 [%
]
Harmonics order
 
 
THD of iA=2.27%
(c) Local load voltage uA and grid current iA spectra
Figure 7.12: Grid-connected mode without local load: (a) local load voltage uA, its
reference uref and voltage tracking error eu, (b) grid output current iA, its reference
iref and current tracking error ei and (c) local load voltage uA and grid current iA
spectra
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Controller Voltage uA THD [%] Current iA THD [%] Grid Voltage vgA THD [%]
Current-voltage 0.99 2.27 1.58
Voltage 1.16 6.67 1.32
Current − 1.03 1.57
Table 7.4: Current and voltage spectra comparison in the grid-connected mode without
local load
7.4.5 With a resistive load (grid-connected mode)
Figure 7.13 (a) shows the steady state response of the output voltage uA, its tracking
reference uref and corresponding voltage tracking error eu. The grid current iA, its
reference iref and tracking error ei are shown in Figure 7.13 (b). Figure 7.13 (c) shows
the local load voltage and grid output current harmonic spectra and in Table 7.5 THD
of the proposed control structures are compared. In the case of the resistive load,
the quality of the grid current remains almost unchanged with respect to the previous
experiment without load.
Controller Voltage uA THD [%] Current iA THD [%] Voltage vgA THD [%]
Current-voltage 1.21 2.32 1.80
Voltage 1.17 7.01 1.34
Current − 1.53 1.63
Table 7.5: Current and voltage spectra comparison in the grid-connected mode with a
resistive local load
7.4.6 With a non-linear load (grid-connected mode)
Figure 7.14 (a) and (b) show local load voltage and grid current steady state responses,
when a non-linear local load is connected to the system. The harmonic spectra are
shown in Figure 7.14 (c). The voltage and grid current THD for diﬀerent controllers
are shown in Table 7.6.
In this experiment, the performance of the proposed controller is comparable with
the performance of the voltage controller proposed in Chapter 4 and at the same time,
the quality of the grid output current is similar to the one in the case of the current
controller proposed in Chapter 5. Hence, there is a substantial beneﬁt of using the
current-voltage controller in a grid-connected mode, while the non-linear load is con-
nected to the system.
Controller Voltage uA THD [%] Current iA THD [%] Grid Voltage vgA THD [%]
Current-voltage 2.22 5.35 1.72
Voltage 2.05 10.58 1.33
Current − 5.27 1.60
Table 7.6: Current and voltage spectra comparison in the grid-connected mode with a
non-linear local load
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Figure 7.13: Grid-connected mode with a resistive local load: (a) local load voltage uA,
its reference uref and voltage tracking error eu, (b) grid output current iA, its reference
iref and current tracking error ei and (c) local load voltage uA and grid current iA
spectra
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Figure 7.14: Grid-connected mode with a non-linear local load: (a) local load voltage uA,
its reference uref and voltage tracking error eu, (b) grid output current iA, its reference
iref and current tracking error ei and (c) local load voltage uA and grid current iA
spectra
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Figure 7.15: Grid-connected mode with an unbalanced local load: (a) local load voltages,
(b) inverter (upper) and grid output currents (lower) and (c) local load voltage uA and
grid current iA spectra
7.4.7 With an unbalanced load (grid-connected mode)
The microgrid voltages at the PCC, total and grid output currents are shown in Figure
7.15(a) and (b) respectively. Figure 7.15 (c) shows the harmonic spectra of the microgrid
voltage and grid output current. The THD comparison in the case of diﬀerent controllers
is shown in Table 7.7.
Experimental results show that an unbalanced local load has no inﬂuence on the
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current-voltage controller performance and the THD results are similar to that in the
case of the balanced resistive load. Moreover, in the case of the current-voltage con-
troller, the inverter is capable to export balanced three-phase currents to the utility grid
and at the same time maintains a well balanced local load voltages. While in the case
of the voltage controller (Chapter 4), the grid current tracking performance is poor and
output currents are not well balanced.
Controller Voltage uA THD [%] Current iA THD [%] Grid Voltage vgA THD [%]
Current-voltage 1.09 2.36 1.77
Voltage 1.32 6.92 1.30
Current − 1.55 1.59
Table 7.7: Current and voltage spectra comparison in the grid-connected mode with an
unbalanced local load
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Figure 7.16: Transient response in the grid-connected mode without local load to 1A
step change in I∗d : (a) local load voltage uA, its reference uref and voltage tracking error
eu, (b) grid output current iA, its reference iref and current tracking error ei
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7.4.8 Transient response (grid-connected mode without load)
A step change in the grid output current I∗d reference from 2A (1.41A RMS) to 3A
(2.12A RMS) was applied (while keeping I∗q = 0). The grid current iA and the local
load voltage uA are shown in Figure 7.16. The transient response to a current change of
the H∞ repetitive controller takes about 12 cycles, which reﬂects the inherited property
of the proposed cascaded repetitive control and the trade-oﬀ between the low current
THD and the system stability.
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Figure 7.17: Transient response of the inverter, while transferred from stand-alone to
the grid-connected mode and vice versa: (a) grid output current iA, its reference iref
and current tracking error ei, and (b) local load voltage uA, its reference uref and
voltage tracking error eu
7.4.9 Seamless transfer between the operation modes
The transient response of the grid output current an local load voltage, while the inverter
is transferred from stand-alone to grid-connected mode and vice versa, is shown in Figure
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7.17. At time t = 1s the inverter was connected to the grid. The detail of the transfer is
shown in Figure 7.18. As the voltage reference is set to grid voltage there is no change
in the voltage controller performance while connected to grid. A step change in the grid
output current I∗d reference from 0A to 1.5A (1.06A RMS) was applied at time t = 3s,
see Figure 7.19 (a) and (b) for response detail. In the case of the current controller,
after a step change is applied, there is similar slow response as in previous section 7.4.8.
At time t = 7.08s the inverter is disconnected from the grid to a stand-alone mode, see
Figure 7.20 (a) and (b) for detail of the response.
The experimental results show that proposed current-voltage structure enables seam-
less transfer of the operation mode from standalone to grid-connected or vice versa.
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Figure 7.18: Detail of the response to transfer from stand-alone to grid-connected mode
at time t = 1sec: (a) grid output current iA, its reference iref and current tracking
error ei, and (b) local load voltage uA, its reference uref and voltage tracking error eu
96
      
−4
−2
0
2
4
Cu
rre
nt
 [A
]
 
 
i
ref iA
2.9 3 3.1 3.2 3.3 3.4−2
−1
0
1
2
Time [s]
Er
ro
r [
A]
 
 
ei
(a) Grid output current iA its reference iref and current tracking error ei
      
−30
−15
0
15
30
V
ol
ta
ge
 [V
]
 
 
u
ref uA
2.9 3 3.1 3.2 3.3 3.4−4
−2
0
2
4
Time [s]
Er
ro
r [
V]
 
 
e
u
(b) Voltage uA, its reference uref and voltage tracking error eu
Figure 7.19: Detail of the step response to change in the grid output current I∗d reference
from 0A to 1.5A at time t = 3sec: (a) grid output current iA, its reference iref and
current tracking error ei, and (b) local load voltage uA, its reference uref and voltage
tracking error eu
7.5 Conclusions
The cascaded H∞ repetitive current-voltage control strategy is proposed for inverters
in microgrids. It consists of an inner voltage loop and an outer current loop and oﬀers
excellent performance in terms of power quality and tracking performance. In particular,
when non-linear and/or unbalanced loads are connected to the microgrid in the grid-
connected mode, the proposed strategy signiﬁcantly improves the THD of the microgrid
voltage and the grid current at the same time. The strategy allows seamless transition
of the operation mode between the standalone mode and the grid-connected mode. The
strategy can be used for single-phase systems or three-phase systems. Experimental
results under various scenarios have demonstrated the excellent performance of the
strategy.
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Figure 7.20: Detail of the response to transfer from grid-connected to stand-alone mode
at time t = 7.08sec: (a) grid output current iA, its reference iref and current tracking
error ei, and (b) local load voltage uA, its reference uref and voltage tracking error eu
In the case of the voltage controller, the somewhat complicated design process has
led to a very simple controller, which can be easily implemented in real applications. It
has been shown that advanced control theory does oﬀer more insightful understanding
of practical applications and the controller designed using the advanced control theory
does not have to be very complicated.
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Chapter 8
Conclusions and future work
8.1 Conclusions
Three diﬀerent control strategies have been applied to the design and put into action
for the grid and microgrid connected VSI.
At ﬁrst, the H∞ voltage repetitive control strategy proposed in literature has been
re-considered for the voltage control focusing on reducing the complexity of the voltage
controller design and improving the control performance. A frequency adaptive mech-
anism has been introduced to cope with grid-frequency variations. The experimental
results have shown that the H∞ repetitive controller oﬀers excellent performance in a
stand-alone mode in terms of waveform quality and current THD, even in the case of
non-linear loads connected to the system. However, in grid connected mode the power
quality of the grid output current of the controller is well above requirements. As a
consequence current and cascaded current-voltage controllers have been proposed.
The H∞ repetitive current controller has been proposed and applied to the design of
a grid-connected VSI. The proposed controller is compared with the traditional PR, PI
and DB controllers in terms of power quality and tracking performance. The H∞ repet-
itive current controller oﬀers signiﬁcant improvement over the conventional controllers
especially in the presence of nonlinear loads and/or grid voltage distortion.
Finally, the cascaded H∞ repetitive current-voltage control strategy is proposed for
inverters in microgrids. The advantages of proposed voltage and current controllers are
brought forward for consideration in microgrid applications and experimentally tested.
Experimental results under various scenarios have demonstrated the excellent perfor-
mance of the strategy. In particular, when non-linear and/or unbalanced loads are
connected to the microgrid in the grid-connected mode, the proposed strategy signiﬁ-
cantly improves the THD of the microgrid voltage and the grid current at the same time.
Moreover, the strategy allows a seamless transition of the operation mode between the
standalone mode and the grid-connected mode.
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8.2 Future work
Based on the study carried out, various issues can be taken care of in the future work.
At ﬁrst slow dynamics, the main drawback of the proposed controllers, could be
improved by using only high gains at odd-harmonics (internal model delay time in a
delay line is slightly less than half of the 50Hz period) [115, 116]. This brings a twice
as fast response and at the same time it reduces the DSP calculation time. However,
as there is missing pole at '0' (no gain at DC component) this technique needs further
consideration.
A LCL resonance problem in this work has been overcome simply by using a passive
damping. As the main issue in this type of systems is the eﬃciency, using a resistor
for damping in the LCL ﬁlter at real voltage and power rating could be problematic.
The problem could be sorted out by using an additional current (for example capacitor
current) feedback as an active damping method.
The neutral point control has been implemented in this work in order to provide
system with a balanced neutral point and to allow three independent controllers to be
implemented in the natural (abc) frame. The voltage control scheme with proportional
controller (Kp) presented in [117] has been used in all experiments. The proportional
controller design is as simple as possible, which is cost-eﬀective and easy to be imple-
mented. The design and performance of the two other control structures were exper-
imentally tested: deadbeat and the H∞ controller. The H∞ controller presented in
[54] has been adapted to a current control version with the main focus to eliminate the
current iC through capacitors. This brings improvement for practical implementation
as just one current measurement is necessary. However, in all implemented structures a
control range of the PWM duty cycle for a neutral leg is very small. As a consequence
the results are poor and the topic needs some more consideration.
Finally, as the voltage and power used in all experiments in this work are very low,
the experiments must be done in a more realistic situation to prove the concept at real
voltages and power ratings.
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